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"..... every element says something to someone (something different to each) like 
the mountain valleys or beaches visited in youth. One must perhaps retake an 
exception for carbon because it says everything to everyone, that is, it is not 
specific, in the same way that Adam is not a specific ancestor - unless one 
discovers today (why not ?) the chemistylite who has dedicated his life to graphite 
or the diamond. And yet it is to carbon that I have an old debt, contracted during 
what were for me decisive days. To carbon, the element of life, my first literary 
dream was termed, insistently dreamed in an hour and a place when my life was 
not worth much: yes I wanted to tell the story of an atom of carbon. " 
Primo Levi (1919-1987), The Periodic fable. 
Abstract 
This thesis has investigated the chemical and physical conditions of natural 
diamond formation by integrated studies of the geochemistry of mineral inclusions in 
diamond, the nitrogen aggregation state and the carbon isotopic compositions of 
diamonds themselves. The diamonds studied were selected from two different 
sources, namely Bultfontein (Kimberley, South Africa) and Sao Luiz (North East 
Brazil). 
Diamonds from the Bultfontein mine occur in a Cretaceous kimberlite pipe 
intruded into the Archean Kaapvaal craton. The diamonds are dominated by peridotite 
paragenesis inclusions, of which chromites are the most numerous. Equilibrium 
temperatures, indicated by these inclusions, are 930 and 955°C. The high abundance 
of chromites is interpreted as indicating a relatively shallow depth of origin. 
Bultfontein diamonds therefore probably formed in a thickened part of the craton 
where the geothermal gradient was low. 
Infra-red studies of the Bultfontein diamonds show a low degree of nitrogen 
aggregation. There are two populations of diamonds, one population showing high 
nitrogen content but low aggregation state, the other having a lower nitrogen 
concentration but more aggregated nitrogen. The geochemical environment of 
formation for the two populations appears to be the same. The two different 
populations indicate either two separate formational events separated by a long time 
period, or, more favoured, two separate environments of formation one with high 
nitrogen the other with low nitrogen. 
The carbon isotope studies of the Bultfontein diamonds show a mean 6 13C 
value of -4.66 0/00. The isotope compositions are skewed towards heavier values and 
this is probably a result of isotope fractionation processes which occurred between 
diamonds and a C-O-H vapour. The skewness of the carbon isotope values for the 
Bultfontein diamonds probably results from the precipitation of diamond by Clio 
oxidation reactions. The Bultfontein diamonds probably formed by the introduction of 
oxidising fluids into a reduced area of the lithosphere. 
Cathodoluminescence studies of large diamonds and the study of the variation 
of S 13C across a diamond by ion microprobe suggest that some of the diamonds 
formed under conditions of fluctuating oxygen fugacity. This has resulted in the 
formation of cuboid cores in large diamonds and a variation in S 
13C of 4 Oloo across 
a single diamond. 
Diamonds from the Sao Luiz alluvial mine are believed to be derived from a 
series of diamondiferous kimberlites intruded into a Proterozoic fold belt in North 
East Brazil. The diamonds show two principle groups of inclusions, both of which 
suggest a very deep origin for these diamonds. One group is dominated by garnet, and 
may be termed eclogitic, the other group is dominated by magnesiowustites. 
Garnetiferous inclusions from Sao Luiz are divided into two groups. Group I 
garnets have normal silica contents and originate at depths shallower than 2001on. 
Group II have high silica contents than normal garnets with silicon atoms apparently 
occupying octahedral sites in the garnet structure. The Group II garnets are believed 
to represent solid solutions of garnet and pyroxene formed at high pressure and 
probably originated over a range of depths from 200 to 450km. Some of the 
inclusions are composite and consist of clinopyroxene and garnet phases. In these 
bimineralic inclusions a range of temperatures of equilibrium from 1297 to 1616°C 
have been calculated, consistent with estimated geotherms for the asthenosphere. 11 e 
garnet and pyroxene phases in the bimineralic inclusions are believed to have been 
separate before incorporation into the diamonds and are not the result of the 
decomposition of a single high pressure phase. In some of the Group II inclusions the 
high-silica phases have undergone a limited decomposition which has produced a 
series of complicated textures that consist of normal garnet and the high-silica phase. 
Oxide and other silicate inclusions from the Sao Luiz diamonds suggest an 
even deeper origin. Magnesiowustites (MgO-FeO) inclusions are probably derived 
from depths greater than 650kin. These inclusions have high Fe/Fe+Mg ratios and 
thus do not appear to be average products of the perovskite structured (high pressure) 
mantle. The silicate phases include CaSiO3 composition phases that indicate a depth 
of origin below 450km. Olivine, diopside and pure silica phases are also present. Two 
silicon carbide inclusions were also recovered. 
A limited study of the carbon isotope compositions and the infra red 
characteristics of these diamonds has been completed. The garnet-bearing diamonds 
show a range of S 
13C 
values from -6.70 to -12.57 0/00, values much lighter than the 
assumed mantle composition. These diamonds may have formed by CO2 reduction 
reactions but it is more likely that a number of finite carbon reservoirs of different 
isotopic composition exist in the asthenosphere. The diamonds which contain the 
deeper inclusions have S 13C values of -5 0/oo. The deep diamonds are mostly Type 
II, that is they contain no nitrogen that is detectable by infra red. The Type I diamonds 
have high IaB contents and can be shown to indicate rapid aggregation of nitrogen. It 
is possible that the nitrogen in the deep diamonds aggregated rapidly to form defects 
that are invisible to infra red as a result of the high temperatures of formation. 
The precipitation of diamonds at Sao Luiz that contain garnet inclusions 
probably occurred at the interface of oxidised areas at the top of the asthenosphere 
with more reduced areas. The other, deeper diamonds formed under more reduced 
conditions as shown by the presence of two inclusion of silicon carbide. The deep 
diamonds probably precipitated from a C114-!! 2 vapour by H2 loss, as such the deep 
Sao Luiz diamonds may have been in redox equilibrium with the earths core. 
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Chapter I 
Introduction to Diamunds. 
1.1 Introduction. 
Diamond has been a natural gem stone for thousands of years because it 
possesses the three important properties which nuke a good gem; naunely: 
beauty, 
rarity and durability. Initially, because of its extreme hardness, few attempts were 
made to alter its natural shape and diamond was less valuable than genes such as 
ruby, which were more easily shaped. Indian lapidaries discovered that diamond 
could be polished with diamond powder, but early polishing was usually just to 
remove frosted surface coats or to disguise crystal flaws rather than to produce 
faceted gems. Many of the famous genes which have been known since the times 
of the Mogul Emperors (1000 A. D. ), such as the Koh-i-Nor diamond, were of this 
type (Smith, 1912). During the inid sixteenth century, faceting of diamonds was 
developed, principally in Venice. The brilliant cut diamond was developed by 
Vincentti Peruzzi from the natural octahedron shape of diamond. The brilliant cut 
(Fig.!. 1) is probably the best way of appreciating the properties of dispersion, 
lustre and refractive index which makes diamond such a distinctive mineral, and 
since the development of this cut, in the sixteenth century diamond has become 
one of the most highly prized natural substances on Earth. 
Diamond is the hardest known natural mineral. It is forty times harder 
thm it's nearest neighbour on the Moli s hardness scale. Because of it's hardness, 
non gem quality diamond is in demand as a ti abrasive. Natural diamond is used in 
cutting blades as sintered powders, as single crystals, raid in the manufacture of 
polishing pastes. Further uses of diamond result from it's thermal and electrical 
properties and include use as heat sinks, radiation detectors and a possible future 








Brilliant Cut Diamond. 
The brilliant cut is the most common cut of gern quality diamonds and was 
developed from the table cut diamond which is a modification of the 
octahedron shape of natural diamond. The dispersion of light or "fire" of the 
diamond is enhanced by total internal reflections within the brilliant cut. The 
table cut dimensions are such that the distance At is typically 5/18 of the 
distance AN and Ac is 1/18 of AA'. The brilliant has 58 facets, 25 on the top 
or crown of the stone and 33 on the base or pavillion, the pavillion and crown 
are separated by a girdle which should be as thin as practical. Because the 
brilliant is developed from octahedral diamonds an important economic factor 
of any mine is the abundance of large octahedra and diamonds that can be 
easily cleaved into octahedra. 
4 
In 1953 diamond was synthesized by scientists working at the ASEA 
laboratory in Stockholm, and in 1955 by General Electric in the U. S. A.. Both 
teams used a carbon/solvent catalyst to overcome the considerable kinetic barrier 
that prevents direct conversion of graphite to diamond. Following this early 
success diamonds have been synthesized by De Beers at the Diamond Research 
Laboratory in Johannesburg and it is now possible to grow diamonds with specific 
shapes and physical properties (Wedlake, 1979). 
The value of diamond, as an industrial mineral and a natural gene, has 
made it one of the most studied minerals in the world. Geological research into 
diamonds is summarised by Harris (1987) and includes studies of the physical 
characteristics of diamond, their colour, growth history, age and studies of the 
mineral inclusions in diamond and substitutional impurities that are found in the 
diamond lattice. 
1.2 Natural Diamond Occurrence. 
India was the most important source of natural diamond during historical 
time. Diamonds were found in sandstones, conglomerates and alluvial deposits 
surrounding Golconda near Hyderabad. Following discovery of diamonds in 
Brazil, again in alluvial deposits, these two major diamond producing countries 
were in competition with each other until the 1860's. In 1867 the discovery of 
diamonds in South Africa led to rapid development of diamond fields, initially in 
alluvial gravels associated with The Orange and Vaal rivers. Further deposits to 
the south and east of the Vaal river on the farms of Bultfontein, Dortsfontein and 
De Beers were initially thought to be dry river gravels from abandoned tributaries. 
Particularly rich in diamond were the diggings at Colesburg Kopje, later to 
become the Kimberley Mine and the associated mining settlement was the basis of 
the present city of Kimberley. 
5 
It became evident during the exploitation of these "dry" diggings that they 
were different from alluvial gravels and sounds. The mined material was soft and 
friable with abundant mica flakes, garnets, diopsides, ilmenites, and occasional 
large rounded nodules. 
This unusual, ultrabasic rock was termed kimberlite by Lewis (1887). 
Kimberlite is defined as a hybrid igneous rock that contains fragments of different 
rock types in a matrix of ultrabasic minerals. The kimberlite matrix consists of 
olivine, orthopyroxene and phlogophite with carbonate and serpentine minerals 
(Smith, 1983, Mitchell, 1986). The kimberlite matrix shows variable amounts of 
K20(0.98-2.10 wt. %), CaO(7.6-10.6wt. %), A1203(4.4-4.9wt. %), Ti02(2.03- 
2.32wt. %), P205(0.66-0.76wt. %) and CO2 (7.4-3.3wt. %). Kimberlite is also 
enriched in rare earth elements relative to chondrites (Dawson, 1980,1984). 
Kiinberlite is assumed to have a mantle origin because it contains xenoliths of 
mantle rocks (including lherzolite, harzburgite, dunnite and eclogite). 71ie 
kimberlite was shown to consist of an oxidized upper part called "yellow ground" 
and a deeper, unoxidised part, known as "blue ground". 'I'lse marked change in 
texture led many miners to believe that the base of the "yellow ground" was the 
base of a supposed alluvial deposit. 
Subsequent to the work of Lewis, major studies of South African 
kimberlites were completed by Wagner (1914) and Williams (1932) with a 
comprehensive study of Siberian kimberlites by Bobrievich et al. (1959). Since 
then scientific interest has been considerably expanded through the International 
Kimberlite Conferences, first started in 1973. 
In addition to kimberlite diamonds have also been found in economic 
quantities in one lamproite intrusion in Australia. Lamproites are ultrapotassic, 
magnesian rocks consisting of olivine, orthopyroxene, clinopyroxene and 
sanidine. Low concentrations of diamonds have been reported in ultramafic bodies 
in fold mountain belts and in island arcs (Dawson, 1979). Ilaggerty ; und Nagieb 
(1989) have found diamonds in high sodium volcaniclasitc breccias near the 
TECTONIC FEATURES OF SOUTHERN AFRICA 
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Fib. 1.2 
Tectonic Features of Southern Africa. 
Diamondiferous Kimberlites are restricted to the Kaapvaal Craton, the Zimbabwean Craton and the 
Limpopo Belt, although the latter is believed to be a former Archean Mobile Belt (Coward & 
Fairhead, 1980). Important diamondiferous kimberlites include Finsch (F), Roberts Victor (RV), 
Monastery (M), Premier (P), Jagersfontein (J), Koffiefontein (Kf) and Orapa (0). The mines at 
Kimberley (KM) are the De beers Pool Mines. Jwancng in Botswana is shown as Jw and the 
Mothae Mine in Lesotho is shown as Mt (see for example Dawson, 1984). 
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Syrian Graben. A hexagonal polymorph of diamond, lonsdaleite, occurs in 
meteorites probably as a result of the high temperatures and pressures developed 
during meteorite impact. 
Diamond occurs in kimberlite and lamproite as a trace mineral. In 
kimberlites a grade of 100 carats of diamonds per 100 tonnes is considered to be 
very economic. Only one lamproite is at present being mined, at 
Argyle, in 
Australia and this has a grade of 200-300 carats per 100 tonnes. 
Generally, diamondiferous kimberlites are restricted to cratons, where the 
basement is formed of moderate to weakly deformed rocks of low to medium 
metamorphic grade, and where metamorphism is no later than 2400ma. 
As can be 
seen in figure 1.2 the diamondiferous kimberlites of Southern Africa are restricted 
to the Kaapvaal Craton and the Archean Limpopo Belt. Cratons act as rigid blocks 
and are thus surrounded by younger fold belts, in figure 1.2 the fold belts that 
surround the craton are devoid of diamondiferous kimberlites. Cratons posses a 
thick, keel-shaped lithosphere that is of sufficiently low temperature to have 
diamonds present as a stable phase. 
Diamonds are resistant to chemical attack and posses great mechanical 
strength. As a consequence when kimberlites are eroded, diamonds can be 
transported by river systems away from their primary source. Diamonds can 
become concentrated in river gravels and if the concentrations are high enough the 
alluvial deposits can be exploited. In addition, diamonds can be concentrated in 
beach sediments by sedimentary processes and the deposits of Namibia that are 
currently being mined are of this type. 
1.3 Aims and Objectives. 
It was concluded in the early part of this century that kimberlites were 
derived from great depths (Wagner, 1914 & Williams, 1932). A study of the 
graphite to diamond transition, (see figure 1.3) by Kennedy and Kennedy (1976) 
and Bundy (1980), has shown that natural diamond originates at pressures 
Diamond Stability Curve 
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Diamund Stability Curve. 
The experimental results of Kennedy and Kennedy (1976) have detennined 
the transition of diamond to graphite defined by the equation P(kbar) = 19.4 + 
T°C/40kbar. This equation is consistent with pressure and temperature 
estimates from syngenetic diamond inclusions and conditions of growth for 
synthetic diamonds. 
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and temperatures corresponding to depths in excess of 120km. Although 
kimberlites contain diamonds and both kimberlites and diamonds are mantle 
derived, until recently the genetic relationship between the two was uncertain. A 
problem for example was whether diamonds were phenocrysts in a kimberlite 
magma, or xenocrysts as a consequence of the fragmentation of diamond-bearing 
mantle rocks. 
Diamonds preserve geochemical information from the upper mantle in the 
form of syngenetic mineral inclusions and as substitutional impurities in the 
diamond lattice. A study of these characteristics will reveal details of the 
chemistry and processes which occur in the upper mantle. 
The general aim of diamond studies is to establish the inter-relationship 
between diamond and kimberlite, and the chemistry, thermal structure, and redox 
conditions of the mantle. To investigate these features, three broad lines of inquiry 
are used: the study of mineral inclusions, the study of nitrogen impurities, and the 
study of carbon isotopes. Within these general objectives this thesis will examine 
the characteristics of diamonds from two distinct localities. 
The two mines studied are the Bultfontein mine at Kimberley, South 
Africa and the Sao Luiz alluvial mine in Brazil. The Bultfontein mine consists of 
a Cretaceous kimberlite pipe intruded into the Archean, Kaapvaal Craton while 
the diamonds from Sao Luiz are believed to have been derived from Cretaceous 
kimberlites within a Proterozoic fold belt of the north east Mato Grosso area of 
Brazil. Bultfontein data enables a comparison to be made with diamonds from 
other mines on the Kaapvaal Craton and in particular, investigates the variations 
of the three characteristics referred to above within a cratonic environment. The 
diamonds at Sao Luiz are used to investigate the processes of diamond formation 
beneath a Proterozoic fold belt. Particular attention is paid to the depth of origin 
of these diamonds through study of the chemistry of inclusions, because the 
kimberlites originate in lithosphere that is thinner than that in cratons. 
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More than one source of diamond may be sampled by an individual 
kimberlite. Diamond characteristics within these single sources are therefore 
examined in order to assess any such variations. 
This thesis will also examine the mineral inclusions in diamonds from the 
two mines. The composition of such minerals is directly related to the chemistry 
of the diamond growth environment and provides information on the temperature, 
pressure and redox conditions of diamond growth. Infra red techniques were used 
to reveal the nature of nitrogen aggregation in diamond and provide some kinetic 
evidence for the environment of diamond growth. In addition an infra red 
technique was used to establish the variation in nitrogen characteristics across 
diamonds. 
Carbon isotope studies were used to look for different carbon growth 
environments with respect to paragenesis, and to assess how the d 13C 
composition is influenced by fractionation processes. During the course of this 
study a non-destructive technique to measure the carbon isotope composition of 
small areas of diamond by ion microprobe was developed. In consequence the 
micro-variation of carbon isotopes across a diamond can now be determined. 
The basic characteristics of diamonds and the techniques used to study 
them are presented in chapter 2. The characteristics of Bultfontein diamonds and 
their inclusion compositions are presented in chapter 3. In chapter 4 the nitrogen 
and carbon characteristics of Bultfontein diamonds are documented. In chapter 5 
the implications for mantle composition and evolution of the Bultfontein 
diamonds are discussed. The characteristics of Sao Luiz diamonds and their 
inclusions are outlined in chapters 6 and 7 and in chapter 8 their relationship to 
mantle composition and their depth of origin is discussed. 
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Chapter 2. 
Kimberlites, Diamonds and Inclusions. 
This chapter will outline the characteristics of kimberlite and will discuss 
the composition of the mantle. The chemistry of diamond inclusions is then 
detailed because diamonds are chemically related to kimberlites and mantle 
compositions. Other characteristics of diamond are then discussed, including 
diamond morphology, carbon isotope composition and nitrogen aggregation state. 
In the final section of this chapter the techniques used to study diamonds are 
outlined. 
2.1 Kitnberlite Characteristics. 
Kimberlite occurs as dykes and sills and conical intrusions of variable 
width, termed diatremes or pipes. The extensive mining of kimberlite in Southern 
Africa, has enabled Hawthorne (1975) to produce three dimensional models of 
these kimberlite diatremes. Figure 2.1 shows that three main zones of diatreme are 
defined: At relatively deep levels there is a feeder dyke zone, which consists of 
discrete columns of kimberlite which have thermal aureoles in the wall rock and 
in which localized brecciation has occurred. A middle or diatreme zone grades 
from the feeder zone, and represents breakthrough of the kimberlite into higher 
levels of country rock. The accompanying decompression of gas results in further 
brecciation and incorporation of large fragments of wall rock as "floating reefs". 
The upper crater zone consists of bedded tuffs, wall rock breccias and kimberlite 
breccias which represent the pyroclastic deposits from the explosive breaching of 
the ground surface by kimberlite. 
Smith (1983) divided kimberlites from Southern Africa into two groups on 
the basis of emplacement age, mineralogy, geochemical and isotopic character. 
These two groups are shown in Table 2.1. Group I kimberlites have emplacement 
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Model of a Kimberlite Pipe. 
The kimberlite pipe model of Hawthorne (1975) is based on the field relations of the 
numerous kimberlite pipes in South Africa and their different degrees of erosion. The 
kimberlite pipe is divided into three. The top epiclastic zone comprises kiinberlitic 
tuffs and breccias which may show a stratification, a result of washing of tuff into 
crater lakes and subsequent deposition as a sediment, this zone is characteristic of 
kimberlites which have undergone little erosion such as the kimberlites of Orapa, 
Botswana and Mwadui, Tanzania. the diatreme zone comprises primary kimberlite 
and inclusions of wall rock material and is characteristic of the more deeply eroded 
kitnberlites such as those in the Kimberley area of South Africa. The root zone 
consists of dykes of kimberlite magma which sometimes culminate in "blind" 
kimberlite channels with no diatreme or epiclastic expression, the root zones are 
typical of the deep levels currently being mined at Kimberley, the kimberlite 
emplacement is largely controlled by jointing in the country rock and joint bounded 
contacts are common. The development of a kimberlite pipe is envisaged as an 
upward migration of embryonic kimberlite magmas followed by explosive breaching 
of the surface to form an early epiclastic or crater zone, diatreme development results 
from the post breakthrough modification of crater zones by vapour-solid fluidised 
systems which result from magma degassing and develop downwards to depths of up 




Group I Cruupll 
Age 86-114ma 114-150ma 
87Rb/86Sr 0.04-1.52 0.14-0.78 
87Sr/86/Sr 0.7033-0.7044 0.7074-0.7109 
147Sm/144Nd 0.085-0.096 0.062-0.087 
143Nd/144Nd 0.51271-0.51277 0.51208-0.51227 
I 
238U/204Pb 17.2-61.3 8.36-19.0 
211CPb/204Pb 18.86-19.04 17.21-17.63 
207pb/204pb 15.52-15.69 15.47-15.62 
From Smith (1983) 
17 
ages of 80 to 114ma (Allsop & Barrett, 1975) and are mica-poor with only minor 
amounts of phlogopite present. Group II kimberlites have much older 
emplacement ages of 114 to 140ma and have plilogopite as a dominant 
groundmass mineral. 
The significant variations in Sr, Pb and Nd characteristics also correlate 
with the two major divisions. Group I kimberlites have low initial strontium 
isotope values of 0.7033 to 0.7044 compared to 0.7074 to 0.7109 in Group H. 
Group I kimberlites have Pb values which indicate a higher amount of radiogenic 
lead than in Group H, for example 
206pb/204Pb ratios of 18.86 to 19.04 for 
Group II compare with 17.21 to 17.63 for Group I. U/Pb ratios in Group II are 
higher as a result of the lower Pb content. According to Kramers (1977) the 
differences in isotopic compositions represent differences in the chemistry of the 
mantle source. the low 143Nd/144Nd ratios for Group II kimberlites and their 
high initial 87Sr/86Sr and high 87Rb/86Sr ratios indicate a Sm and Rb enriched 
source (Kramers et at., 1981). Group I kimberlites originate in an ordinary, 
undifferentiated or slightly depleted source (Kramers et al., 1979 and Richardson 
et al., 1985). 
Of the kimberlites from the Kaapvaal Craton, shown in figure 1.2, 
Kimberley, Monastery and Jagersfontein are all Group I, while Roberts Victor 
and Finsch are Group H. 
2.2 Mantle Composition. 
Examination of mantle material is mainly through the study of xenoliths 
in ultrabasic, basic and alkali igneous rocks. 
A classification of the texture, mineralogy and chemistry of mantle 
xenoliths has been proposed by Harte (1987 and 1983) and in kimberlites four 
main groups of such rocks are recognised (e. g. Harte, 1983): 
1) Megacrysts: These are large, single crystals. Most commonly these are 
garnet, diopside and ilmenite but may also be olivine and orthopyroxene. 
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2) Peridotites: These are rocks of dominantly olivine and orthopyroxene 
but often contain small amounts of garnet and clinopyroxene. 
3) Eclogites: Eclogites consist mainly of clinopyroxene and garnet with 
occasional kyanite, corrundum and spinet. Clinopyroxene and garnet 
compositions are relatively calcium and iron rich in comparison to equivalent 
minerals in peridotites. 
4) Glimmerites and MARID suite rocks: These distinctive rocks consist of 
phlogopite only (Glimmerite) or an assemblage of phlogopite (Mica), Amphibole, 
Rutile, Ilmenite and Diopside (MARID). These phases are rich in Mg, Fe, Ti, K, 
Ba and trace incompatibles and are similar to phases found in veins in 
metasomatised peridotites. MARID suite rocks may originate as incompatible 
enriched melts introduced along stress induced pathways in peridotites (Dawson, 
1987). 
The most common nodules in kimberlites are peridotites. These consist of 
harzburgites (olivine and orthopyroxene) and lherzolites (olivine, orthopyroxene 
and clinopyroxene). Olivine and orthopyroxene comprise more than 80% of these 
rocks consists. In addition garnet and sometimes chrome spinel maybe present. 
Olivine poor rocks such as garnet websterite are rare, as are complete olivine 
rocks (dunite). 
The texture and geochemistry of peridotite xenoliths are very diverse. 
Harte and Gurney (1980) and Harte (1983) have divided these xenoliths into three 
textural groups: 
A. Coarse xenoliths; Characterised by equant mineral grains of 2 to 10mm 
in size. 
B. Deformed xenoliths; Which show porphyroclastic and mosaic textures, 
C. Modally metamorphosed xenoliths; These show evidence of fluid 
infiltration in the form of phlogopite, ilmenite, richterite, oxides and sulphides. 
On the basis of the chemistry the peridotites are divided into two groups; 
fertile and depleted. Fertile peridotites are those which are enriched in basaltic 
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components such as CaO and A1203 (greater than 2.0 wt. %), and Ti02, Na2O 
and K20 (usually greater than 0.2 wt. %). Fertile peridotites also have a low 
Mg/Mg+Fe ratio (0.90 to 0.91). Geothennobarometry studies distinguish "Hot" 
and "Cold" peridotites. Hot peridotites have equilibrium temperatures greater than 
1100°C while cold peridotites have equilibrium temperatures of 900 to 1100°C. 
The relatively fertile nature of hot xenoliths and the depleted character of 
cold xenoliths has been attributed to a derivation from the asthenosphere and the 
lithosphere respectively (Boyd, 1973, Boyd & Finnety, 1980). Harte & Gurney, 
(1980) consider that the Fe-Ti enrichment in hot deformed xenoliths may 
represent the migration of Fe, Ti, Ca, Na, Al and LREE between wall rock 
peridotite and intrusive, asthenosphere derived magma bodies. In addition the 
mantle can be altered by infiltrating metasomatic fluids (Bailey, 1984, Harte, 1987 
and Wyllie, 1987). 
2.3 Inclusions in diamond. i 
Diamonds contain inclusions which may be either, syngenetic, that is 
formed during diamond growth, or epigenetic, formed subsequent to diamond 
growth as defined by Harris (1968a and b). Table 2.2 lists the minerals that occur 
as inclusions in diamonds. Syngenetic inclusions are usually discrete crystals of 
up to 200mm in size, but may also be irresolvable clouds. Syngenetic inclusions 
are those which have stability fields that overlap those of diamond formation. 
They often have a cubo-octahedral morphology and are frequently aligned parallel 
to the diamond (100) and (111) crystal directions. Harris and Gurney (1979) have 
suggested that this is a result of the mutual growth of diamond and the inclusion, 
the diamond morphology imposing onto the inclusion because of it's higher form 
energy. 
Epigenetic minerals are invariably red or brown and occur rarely as 
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in diamond. Epigenetic inclusions have stabilities that preclude a primary 
association with diamond. 
Meyer and Boyd (1972) subdivided syngenetic inclusions into two groups: 
The peridotite (or ultrainafic) paragenesis and the eclogite paragenesis. Both 
inclusion types occur in the same diamond mine but the abundance of each 
inclusion type varies with locality. 
2.3.1 I'cridolile suite inclusions. 
Olivines: These are generally colourless inclusions which have a cubo- 
octahedral morphology. Olivine inclusions have a restricted range in magnesium 
composition from Mg/Mg+Fe values of 0.91 to 0.95. The chrome contents of 
these olivines (over 0.4 wt. %) is much higher than the chrome content of olivines 
of similar magnesium content such as olivines from komatiites. However some 
olivines, such as those from Finsch have no detectable chrome. Meyer and Boyd 
(1972) and Meyer (1975) have suggested that some of the olivine chrome may be 
in the divalent form (Cr2+). llervig et al (1980) have reported minor amounts of 
Na (-90ppm) and Ca (-280ppm) with trace amounts of Li, Sc and Ti, which 
increase with iron content. 
Orthopyroxenes: These are usually colourless cubo-octaliedra that have a 
similar appearance to olivine. The orthopyroxene are generally very magnesian 
with Mg/Mg+Pe values of 0.91 to 0.95. Some orthopyroxenes are relatively iron 
rich with values of Mg/Mg+Fe of 0.77 to 0.91. Most of these iron rich 
orthopyroxenes have been recorded at Orapa by Gurney et al (1984). Calcium 
contents of orthopyroxene inclusions are very low, usually less than 0.5 wt. %. 
Garnets: Garnet inclusions of peridotite paragenesis have a distinct purple 
to deep red colour that is a result of high chrome contents, usually greater than 
6. Owt. %. The garnets are very pyrope rich and have Mg/R2+ values of 0.77 to 
0.65. Calcium contents are low (less than 5. Owt. %) and the gannets are usually 
referred to as sub- or low-calcic garnets. 
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Clinopyroxenes: These are very rare and have a deep emerald green colour 
which is a function of chrome contents of up to 1. Owt. %. Mg/Mg+Pe values range 
from 0.93 to 0.94. The calcium contents range from Ca/Mg+Ca values of 0.46 to 
0.37. The sodium contents are high (1.0 to 2. Owt. %) and Sobolev (1977) has 
termed these compositions chrome-omphacites. 
Chromites: Chromite or chrome spinet inclusions have high chrome 
contents with up to 66. Owt. % Cr203. The magnesium contents are variable and 
Mg/Mg+Fe ratios range from values of 0.30 to 0.60. The chromites are usually 
solid solutions between FeCr2O4 and MgCr2O4, with only a limited amount of 
spinel solid solution (up to 13% of (Fe, Mg)A1204). 
Peridotite suite inclusions have different compositions to equivalent 
minerals found in mantle xenoliths. Olivines and orthopyroxenes have higher 
magnesium contents (Mg/Mg+Fe 0.93 compared to 0.90 to 0.91). Peridotite 
paragenesis garnet inclusions have lower calcium contents than garnets in 
lherzolites. Chromire inclusions have up to 20wt. % more chrome than chromites 
in lherzolite nodules. Peridotite paragenesis clinopyroxenes are rare even though 
there may be up to 10 modal % of clinopyroxene in lherzolites. 
Studies by Richardson et al (1984) have shown that peridotite suite garnet 
inclusions in diamonds have an age of 3.3 Ga +o. i. 'T'his work has also showed 
that garnet inclusions have high 87Sr/86Sr and high 144Nd/143Nd ratios and 
suggest an enrichment in Rb and Sm of the diamond source prior to diamond 
formation. Peridotite suite inclusions have similar magnesian contents to olivines 
and orthopyroxenes in komatiites (Arndt & Nisbet, 1982). I1iere is also a 
similarity between eruption ages of komatiites, 3.54Ga, (Viljoen et at, 1982) and 
peridotite suite dianmonds. Gurney (1984) has suggested that diamonds may 
originate in a harzburgite layer that is a remnant from komatiite volcanism. 
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2.3.2 I: clugite suite inclusions. 
The minerals which comprise eclogite paragenesis inclusions are also 
shown in table 2.2. The most abundant eclogite inclusions are clinopyroxene and 
garnet. 
Clinopyroxenes: These have calcium, magnesium and iron contents that 
are close to augite compositions. The Mg/Mg+Fe ratios range from 0.68 to 0.88. 
Sodium contents divide clinopyroxenes into two groups (Meyer, 1987). Low 
sodium clinopyroxenes have less than 2.0 wt. % Na2O and have been termed calc- 
silicate group by Sobolev et al. (1984). Clinopyroxenes with high concentrations 
of sodium (2.0 to 8.0 wt. %) are termed omphacite. Both types of clinopyroxenes 
have low chrome contents, less than 0.1 wt. %, and have lower Mg/Mg+Fe ratios 
(-0.7) than peridotite suite clinopyroxenes. 
Garnets: Eclogite suite garnet inclusions have an orange to red colour and 
have a lower chrome content than peridotite paragenesis gamets (usually less than 
0.1 wt % Cr203). The garnets have pyrope-almandine compositions with a range 
in Mg/Mg+Fe contents of 0.59 to 0.72. Calcium contents show a range of Ca/R2+ 
values of 0.18 to 0.27. In addition there may be up to 1.0 wt. % of titanium and 
sodium. 
Other eclogite suite inclusions include coesite, a high pressure polymorph 
of quartz which occurs as colourless cubo-octahedra. 
Also recorded as eclogite suite inclusions in diamonds are kyanite, rutile, 
moissanite and corrundum (ruby). 
Richardson (1986) detennined the ages for eclogite paragenesis garnets 
and clinopyroxenes. Burgess et al., (1989) and Philips et al. (1989) have 
determined the ages of eclogite paragenesis clinopyroxenes. For four mines the 
inclusions have a range in ages of 990 to 1580ma (see Richardson, 1989). Eclogite 
paragenesis inclusions are considerably younger than peridotite paragenesis 
garnets. 
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2.3.3 Sulphide inclusions. 
Sulphides are the most common inclusion in diamond according to Harris 
and Gurney (1979) and may occur as thin smears on internal diamond cleavage 
surfaces, and as coats associated with discrete crystals. The most common 
sulphides belong to the system Fe-Ni-Cu-S and are pyrrhotite, pentla ndite, 
chalcopyrite and pyrite. In addition haezlewoodite, cubanite and native iron occur 
as sulphide inclusions. 
From phase studies sulphides in the mantle exist as a single phase, 
monosulphide solid solution (Mss). Sulphide inclusions generally show exsolution 
textures with exsolutions of chalcopyrite and then pentlandite exsolved from Mss 
to leave a pyrrliotite host. These features probably represent the exsolution of 
excess nickel and copper during the breakdown of monosulphide solid solution. 
Sulphides can coexist with inclusions of both peridotite and eclogite 
paragenesis. Yefimova et a! (1983) have shown that subsolidus (NJ, peridotite ss) 
paragenesis sulphides have a high nickel contents (from 16.5 to 29.8 % Ni). 
Eclogite paragenesis sulphides have low nickel values of 0.5 to 8.2 % Ni (see 
Gurney, 1989). 
2.4 Diamond characteristics. 
Diamonds crystallise as single crystals and polycrystalline aggregates (bort 
and carbonado). Ten groups of diamond have been classified by Orlov (1973), 
five of which are single crystals. The two most common single crystal forms are 
the octahedron (Group 1) and cube (Group I1). Modifications of the basic 
octahedral or cubic shape result from dissolution of the diamond. There is a 
complete transition from octahedra to dodecahedra diamonds with rounding of 
four fold coigns until each octahedron face becomes triple faceted and a 
dodecahedron is produced as shown in figure 2.2 (Williams, 1932, Harris et al, 
1975). Cubic diamonds show a similar modification and form hexatetraliedra. 
Diamond Morphology 







Most natural diamonds have a basic octahedral morphology which has 
variants in the forni of macles (twins of octahedra) and aggregates of 
octahedra. An important modification of the octahedron is the development of 
dodecahedral diamonds which result from the dissolution of diamond by 
corrosive fluid along fourfold crystal directions. The development of the 
rhombic dodecahedral diamond shape is a progression through an octahedral 
diamond with dodecahedral faces developed on the edges of the (111) faces. 
In dodecahedron diamonds the surfaces are rounded and often show plastic 
deformation lines parallel to the (111) cleavage direction, striations on the 
dodecahedral faces represent individual growth increments. There is a sinuous 
medial line on the dodecalhedral surfaces which represents the meeting of 
dissolution fronts from opposite four fold directions. 
I 
27 
Group Ill diamonds show differences in colour between the core and rims and are 
termed coated stones. Group 1V diamonds are also coated but have coats that are 
structurally different from the cores. Group V diamonds have a high concentration 
of graphite. The remaining five groups are different forms of polycrystalline 
aggregates. Diamonds are frequently twinned in the form of triangular crystals 
(macles) consisting of two octahedral (111) faces separated by a twin (made) 
plane parallel to the (111) direction. Aggregated crystals are distinguished from 
macles by the fact that they show aggregation along an irregular, common 
surface, rather than the macle plane. 
In table 2.3 the classifications of diamonds according to Harris et al (1975) 
are shown. Primary divisions are based on the crystal shape. Further divisions are 
made on the basis of transparency, colour, inclusion content and surface features. 
Colourless, yellow and brown are the three main body colours for 
diamonds. In addition diamonds may have a blue body colour as a result of boron 
impurities. 'T'ransparent green coats can occur on diamonds and, Vance et al, 
(1973) have shown these to be a result of a particle bombardment. Green coated 
diamonds are most common in the weathered, upper levels of kimberlites where 
uranium rich ground waters can circulate. 
Surface features of diamond are diverse. Commonly these included 
hillocks, striations, ruts, growth lamellae and etch pits. An example of the etch 
features present are the pyramidal shaped etch pits, termed trigons which are 
shown in figure 2.3. The edges of trigons are aligned parallel to the cleavage 
directions of diamonds and are referred to as being positive if they are aligned in 
the same orientation as the octahedral edges. Experiments by Harris and Vance, 
(1972) which etched diamonds by volatiles exsolved frone kimberlite produced 
both positive and negative trigons, but experiments by Yamaoka et al (1980) 
showed that the orientation of trigons varies as a function of the partial pressure of 
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Fig 2.3 
Diamond Surface Features. 
Two octahedral (111) faces are shown both of which show the development of 
trigons. In the upper diabraun the trigons are negative, that is the orientation of 
the apicies of the trigons and the octahedron faces differ by 180°. The lower 
diagram has positive trigons. Shallow trigons have a pyramidal shape while 
deeper trigons show stepped edges. 
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at relatively high oxygen fugacities negative trigons are developed. Such a result 
is consistent with the observation that positive trigons are rare. 
Plastic deformation lines are another common etch feature, these probably 
result from deformation processes in the mantle. Plastic deformation lines are seen 
as closely spaced, multiple lines that are parallel to the diamond cleavage 
directions. Plastic deformation features are independent of diamond size and are 
assumed to have been produced following diamond formation. Harris et al (1983) 
have noted that there is a close correlation between plastic deformation features 
and brown diamonds. 
2.5 Carbon iso(Ope composition. 
Studies of the stable carbon isotopes in diamond have shown that most 
diamonds have aS 13C value of between -4 and -9 Oloo vs PDB (Deines, 1980). 
Much of the initial work suggested that there was an average mantle carbon 
isotope composition close to -5 °loo. More detailed studies of diamonds from 
known mines, and of known paragenesis have shown that there is a wide range of 
carbon isotope values from as low as -34 Oloo (Sobolev et al., 1979) to as high as 
+5 Oloo (Sobolev et al., 1979; Sobolev, 1984). In consequence the distribution of 
carbon isotopes is skewed towards light carbon isotope values. Nevertheless, as 
shown by Harris (1987) in figure 2.4, the mode carbon isotope values from a large 
number of localities including Australia, Southern Africa and the Soviet Union are 
close to -5 °lao. Deines (pers. comm. ) believes that the effects of isotope 
fractionation in the upper mantle can only account for a range of 4 to 5 01oo 
which, if true, indicate that isotopic heterogeneities exist within the mantle. 
The two diamond parageneses show different carbon isotope 
compositions. As shown by Deines et al. (1984) 8 13C values for eclogitic 
diamonds values show a wide range from -34 to +2 oIoo, whilst peridotite suite 
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Fig 2.4 
Carbon Isotope Composition. 
Shown are values for S 
13C for diamonds from a number of localities including 
Southern Africa and the U. S. S. R. (Deines, 1980). The mode of the 6 13C values is 
between -6 and -5 °/oo. A significant feature is the fact that there is a wide range in 
carbon isotope values from +3 to -34 
0loo and a positively skewed distribution. This 
distribution is similar to that of kimberlites and carbonatites. 
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2.6 Nitrogen Impurities in Diamond. 
The most important substitutional impurity in diamond is nitrogen. Up to 
0.55wt. % may be present although values normally range between zero and 
2500ppm (Bibby, 1982). Substitution of nitrogen is determined by infra red 
spectroscopy, but there are other methods including ultraviolet spectroscopy, mass 
spectrometry and neutron activation analysis. Using infra red spectroscopy two 
divisions of diamond can be made; Type I which contain nitrogen and represent 
98% of natural diamond, and Type II which contain no nitrogen that is detectable 
by infra red absorption (Robertson et al., 1934). These two types are shown in 
table 2.4. 
Table 2.4 also shows that Type I diamonds can be further subdivided 
depending on whether the nitrogen occurs as single substitutional atoms (Type lb) 
or whether it is aggregated (Type Ia). Type Ib diamond has a distinctive 
yellow/amber colour and is rare in nature, whereas all synthetic diamonds are 
Type Ib. 
Type IaA aggregate comprises a pair of nitrogen atoms (Davies, 1976). 
The Type IaB aggregate is more complicated and contains four nitrogens and a 
vacancy. Usually there is a combination of IaA and IaB nitrogen and the relative 
amounts are determined by measuring the absorption coefficient at two 
wavenumbers shown in figure 2.5,7.8mm for Type IaA and 8.3mm for IaB. In 
addition there is a further absorption line at 7.3mm, which is termed the platelet 
peak. Platelets are complicated aggregates of nitrogen and possibly carbon which 
are aligned along the (100) crystal direction and may be observed using electron 
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Fig. 2.5. 
Infra Red Absorption Spectra. 
Most natural diamonds are Type la and contains nitrogen in an aggregated form as A 
or B centres. Infra red absorption spectra are used to determine the relative 
contribution of each of the aggregate.. IaA nitrogen has a strong absorption line at 
1282cm-1 (7.8µ. m) and IaB has an absorption line at 1175cm-1 (8.2µm) in addition 
there is a further peak at 7.3µm which is the platelet peak. Natural diamond spectra 




From the evidence of nitrogen studies in synthetic diamonds nitrogen is 
believed to enter natural diamond as single substitutional atoms. Studies of the 
nitrogen aggregation process by Chrenko et al. (1977) and Evans and Qi (1982) 
have shown that single substitutional nitrogen aggregates to nitrogen pairs (Type 
IaA) and then to more complicated aggregates (IaB and platelets). The degree of 
aggregation is dependent on temperature and time. The aggregation rate of single 
nitrogen to pairs is faster than the IaA dissociation to higher aggregates and the 
process is believed to be irreversible (Evans & Qi, 1982). 
In addition to nitrogen aggregation characteristics some data on the 
nitrogen isotopes of diamond is now available from the studies by Javoy et al. 
(1984) and Boyd et al. (1987). Values of 8 15N for diamonds from Mbuji Mayi 
(Zaire) vary between -11 and +6 0/0o corresponding to a limited range of carbon 
isotope values. 
The second most important substituted ion in diamond is boron. Boron 
influences the diamond's electrical properties and in Type Ub diamond boron 
causes semiconductor behaviour. Type Jib diamonds are rare in nature but often 
have a distinctive, feint blue body colour. 
In addition many non substitutional elements occur in diamonds and these 
are studied, primarily, by neutron activation analysis (Sellschop et al., 1979, & 
Bibby, 1982)). Up to 57 elements have been documented in diamond including 
Mg, Si, Fe, Ca, volatile species, S, Ga, Ge, Br, Gd, Pt, Pb and U. It has been 
concluded that the non substitutional elements occur as sub-microscopic 
inclusions of quenched melt or equilibrated magma derived from melting of 
mantle material. Noble gases and alkali elements have been studied by Ozima et 
al., (1984), and the noble gas isotope ratios of 
40Ar/36Ar and 3He/41Ie range 
from values close to atmospheric to more primordial values similar to meteorites. 
Harris (1987) reviews recent studies of the argon and helium characteristics of 
diamonds. 
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2.7 Analytical techniques. 
The investigations into the geochemical characteristics of inclusions and 
diamonds were pursued by determining inclusion chemistry and the infra red 
absorption spectra, cathodolurninescence pattern and carbon isotope compositions 
of diamonds. 
Syngenetic mineral inclusions were liberated from the diamond by using a 
steel jawed crusher. The inclusions were picked from the resulting debris and 
mounted in epoxy resin in 5mm brass standard tubes and then polished for 
electron microprobe analysis using 6,1 and 0.25mm diamond pastes. The 
inclusion chemistry was determined at The Edinburgh University Department of 
Geology and Geophysics on one of two instruments; a Cambridge Instruments 
Microscan Mk V using a beam current of 30nA and an accelerating voltage of 
20KV and a Cameca Camebax instrument with a beam current of 20nA and 20KV 
accelerating voltage. Electron microprobe analyses were carried out using 
wavelength dispersive (WDS) X-ray analysis and the X-ray counts were measured 
relative to metal (Cr, Ni, Fe, Ti, Mn, Fe), oxide (MgO, A1203) and silicate 
(CaSiO3, NaAISi3O8, KAISi3Og) standards. "On line" ZAF correction procedures 
were used. Back scattered electron images and stage driven line scans which are 
of particular importance to the Sao Luiz inclusions were obtained on the Camebax 
instrument. 
The nitrogen aggregation state of the diamonds was determined by infra 
red absorption spectroscopy at two laboratories; King's College, Physics 
Department, London and the Diamond Trading Company (DTC) Research and 
Development laboratory at Maidenhead. Parallel sided cleavage chips were used 
in order to minimise reflections from diamond surfaces, and for single diamond 
crystals the infra red spectra were taken across parallel octahedral surfaces. 
Diamonds were mounted in indium metal and placed into one of two instruments; 
a Perkin Elmer instrument at Kings College and a Digilab FTS-40 Fourier 
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Transform Infra Red Microscope at DTC. In addition large octahedral diamonds 
were sawn and polished at the DTC Polishing Laboratory in London. Infra red 
spectra were taken from these large diamonds on the Maidenhead instrument 
using a computer driven microsampling attachment which enabled the nitrogen 
abundance to be determined for areas of 50mm x 50mm at 100mm intervals. 
Two methods of carbon isotope analysis were used. 1) Standard carbon 
combustion and CO2 extraction techniques for measurement in a gas source mass 
spectrometer. 2) 13C/12C measurement by secondary ion mass spectrometry 
(SIMS) on the Cameca IMS 4F Ion Microprobe at Edinburgh. 
The combustion of diamond fragments from which syngentic inclusions 
were removed was carried out at the Scottish University Research and Reactor 
Centre (S. U. R. R. C) at East Kilbride, the CO2 extraction and purification line used 
is shown diagramaticaly in figure 2.6. Diamond fragments were sealed in 
evacuated quartz tubes with 2. Og of CuO and placed in a furnace at 900°C for 
eight hours. The tubes were joined onto an extraction and purification line and 
broken. The gas from the tube was passed through a slush trap consisting of 
acetone and solid CO2 to condense any H2O present and then into a trap of liquid 
nitrogen (-196°C) to condense CO2. Non condensible gases (N2 and excess 02) 
were then pumped away. The gas sample was then trapped in a cold finger chilled 
with liquid nitrogen and the yield measured in a mercury manometer. Finally the 
sample was trapped in a sample tube and removed from the extraction line for 
mass spectrometer analysis using a standard reference gas. Graphite of known 
isotopic composition (NBS21) was also combusted and extracted through the 
same purification system to measure the fractionation effects of the extraction 















CO2 Extraction Line. 
This apparatus is used to purify the products of diamond fragments combusted in 
sealed quartz tubes with copper oxide prior to mass spectrometer analysis. Sealed 
sample tubes are attached to the sample manifold which is evacuated by a rotary 
pump and mercury diffusion pump. the sample tube is then broken and the 
combustion products are allowed to pass through a "slush" trap (trap 1) comprising 
solid CO2 and acetone to condense H2O and then into a liquid nitrogen trap (trap 2) 
to condense CO2. Remaining non condensible gases (N2,112 and 02) are pumped 
away. The purified CO2 is then trapped by liquid nitrogen in a cold finger and the 
yield measured on a manometer. Following purification CO2 is condensed in a 




The second method of caihun ist tope analysis employed was use 
secondary ion mass spectrometry (SIMS) (Rce(1,1989 and Whyte & Wood, 1997) 
using ion microprobe facilities at Edinburgh. The samples were sputtered by Cst- 
ions which were accelerated over IOKV to produce a maximum primary beam 
current of between 200 and 300nA. h is secondary negative ions weic accelerated 
into time mass spectrometer and entrance and exit slits were constrained) to resolve 
three peaks, the 12C peak at mass 12.000, the 
13C peak at 13.0036 and the 
1 X'11 
peak at 13.0782. The 
12CI1 
peak was found to clecºease in height as vacuum 
conditions improved in the instrument. Preliminary analyses of diamonds from the 
Premier mine and Bultfunteüº mine were disappointing but the reproducibility or 
results was considerably improved by continued magnet calibration between 
analyses tuR1 by mounting the clianioiul in a conducting medium (indium metal). 
A synthetic diamond was used as a standard for analyses and for 
instrument calibration. A large cubic synthetic diamond was polished to ienmve 
surface roughness, a cause of local charging effects. Because tlierc are 
fractionation effects between different growth sectors a (IUO) growth sector 
(determined by catlwcloluminescence) was removed by laser sawing. Cat 1)011 
isotope analyses by ion microprobe for this (100) sector were found to be 
reproducible to within 10'/00 and this synthetic diamond was therefore used as a 
standard. A fragment of the standard showed a mean absolute isotope value of S 
13C 
-23.331 ± 0.1 
"wo vs PDB which was determined by using the standard 
combustion techniques at S. U. R. R. C described above. "1'lius the absolute isotope 




Morphology and Inclusion Chemistry for Buitfontein Diamunds 
3.1 The Bullfuntein mine. 
Diamonds from Bultfontein have been mined since 1870 following their initial 
discovery by Cornellius Duplooy on 6t11 November 1869 (Japse, 1984). The 
realization that such occurrences represented a series of diamondiferous kimberlite 
pipes led to the establishment of Kimberley as a centre for diamond mining (Wagner, 
1914). Four of these kimberlites are presently being mined by De Beers Consolidated 
Diamond Mines Ltd. This so called De Beers Pool comprises Bultfontein, Dutoitspan, 
Wesselton and De Beers. Other kimberlite pipes near to Kimberley include the 
famous Kimberley Mine or "Big Hole" which ceased production in 1914, several 
abandoned mines such as St. Augustine, sub economic kimberlites such as 
Karnpfersdam and minor kiinberlite intrusions worked by operators other than De 
Beers. , 
The Bultfontein and Dutoitspan mines are within a few hundred metres of 
each other and initially they were operated as two separate concerns. Under the 
present, single administration both mines are accessed by a single, centrally situated 
shaft, the Joint Shaft. The Bultfontein and Dutoitspan kimberlites are mined by the 
block cave underground mining system and are operated to depths of 750m and 798mn 
respectively. The projected closure date of both mines is 1994. 
As shown by Clement (1978) the Dutoitspan kimberlite body consists of at 
least eighteen discrete intrusions and has the most complex intrusive history of any of 
the kimberlites surrounding Kimberley. The Bultfontein kimberlite body is distinct in 
that there is no root zone (Hawthorne, 1975) and the diatreme flares direct from the 
feeder channel to form an ellipsoidal body which has a NNW elongation, a surface 
representation of the trend of the feeder dyke (Fig. 3.1). The absence of a root zone 
has been attributed by Clement (1978) to vapour-solid fluidisation during diatreme 
formation which has extended downward to remove the root zone. Poor accessibility 
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'I'Iie Ilullfonlein Kimberlile Pipe. 
The kimberlite body at Bultfontein is eliptical with a NNW elongation which 
corresponds to the trend of a feeder channel. T11e body is approximately 300111 
in maximum dimension and flares directly from the feeder channel at depths 
of over 800m. There is no distinct root zone and this has been attributed to the 
downward extension of vapour-solid fluidisation processes. The earliest 
kimberlite is B3, which is restricted to the north-west part of the intrusion. 
The final kimberlite, B 1, is enclosed within two earlier kimberlites. 
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made the accurate mapping of kimberlites in the Bultfontein body difficult but three 
discreet kimberlites have been established from old records, although additional 
bodies may not have been recognised (Clement, 1978). The earliest Bultfontein 
kimberlite (B3) occupies a NW extension of the pipe and is separated from the second 
kimberlite (B2) by a sharp contact. The final kimberlite (B1) is totally enclosed within 
B2. There are a number of precursor ultrabasic dykes controlled by joints in the 
country rock which surround the later intrusion. The distributions of different 
kimberlites at Bultfontein are shown in figure 3.1. 
The Kimberley pipes and precursor dykes were intruded into the Archaen 
Kaapvaal Craton between the Late Jurassic and Mid Cretaceous (95 to 85ma) 
(Allsopp & Barrett, 1975). Other kimberlite groups of similar age occur at 
Koffiefontein and Jagersfontein. The diamond mine at Premier is currently the only 
Precambrian kimberlite mined for diamonds in Southern Africa. 
Mantle xenoliths from the Bultfontein kimberlite consist mainly of peridotites 
with rarer eclogite and MARID suite nodules. Polymict xenoliths, which consist of 
clasts of both peridotite and eclogite minerals, were interpreted by Lawless et al. 
(1979) as disequilibrium assemblages of mantle minerals with no crustal component. 
Wyatt and Lawless, (1984) have also suggested that veins of ilmenite, sulphide and 
phlogopite that are prominent within the polymict xenoliths are disruptive intrusive 
melting events which occurred prior to the main kimberlite eruption . 
3.2 Diamond morphology and inclusion abundance. 
The inclusion bearing diamonds for this study were collected over a period of 
five years by sorting staff at Kimberley as part of a programme of research to 
determine physical characteristics of the diamonds for the four individual mines in the 
De Beers Pool. 
In the present study morphology, colour and inclusion abundance have been 
determined using the classifications of Harris et at. (1975) and these results then 
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compared with the diamond characteristics for the total production of Bultfontein 
(IIarris et al., 1984). 
Figure 3.2 shows that the total diamond production fron Bultfontein is 
dominated by irregular shaped diamonds. The number of aggregates increases with 
diamond size. The number of treacles and dodecahedral stones remains constant for 
each size category. Figure 3.2 also shows the shape characteristics for inclusion- 
bearing diamonds from Bultfontein. With these diamonds the dominant crystal form 
is the macle and the abundance of dodecahedral diamonds is low. 
In terns of colour the total production for Bultfontein has a high abundance of 
yellow and colourless stones forming between 60% and 80% of the total. In contrast 
the inclusion bearing diamonds are mostly brown, 52%, with colourless diamonds 
forming the remainder. 
Of the total Bultfontein production 14% show plastic deformation as closely 
spaced lines parallel to the (111) direction (Ilarris et al., 1983). In contrast 80% of the 
inclusion-bearing diamonds show evidence of plastic deformation. In addition to the 
plastic deformation lines aggregated diamonds have highly strained boundaries 
between constituent crystals, shown by high polarisation colours and, as would be 
expected, these boundaries are often sites of preferential dissolution. 
Other noticeable features of the inclusion-bearing diamonds are the presence 
of trigonal etch pits developed on the few (111) faces of the diamonds, examples of 
these features are shown in figure 3.3. These trigons sometimes coalesce to form 
hexagonal pits. As these pits are obviously crystallographically controlled, they are 
probably the result of a "static" etch occurring with volatiles exsolved from 
kimberlites (Ilarris & Vance, 1972). 
Growth lamellae, such as those shown in figure 3.4 are seen on the (Ill) 
surfaces of octahedra, macles and in constituent crystals of aggregates. The edges of 
the (111) surfaces show evidence of resorption in the form of rounded surfaces that 
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Morphology of Bullfonlein diamonds. 
The total diamond production is characterised by irregular and aggregated 
stones (Harris et al, 1979). The inclusion bearing diamonds from Bultfontein 










Typical View of a (I II )'Surface. 
In detail the surface of this diamond is irregular quid shows trigons of different sizes 
from 10 to I00 tat. shallow trigons are pyrjºmidal in shape wid larger trigons have 
stepped sides. The sizes of the trigons are related to the size of the dislocations that 
intersect the diaunond surface. Prominent fractue lines parallel to the (11 l) direction 








(fro vlh I. anncllac in Bull ontcin Diamond. 
A fragment of an octahedral diamond shows shield hunellae on the (I 11) face. Each 
lamellae only partly covers the octahedron face. The edge of the octahedron shows 
rounded edges as a result of etching along the four fold crystal direction and it is in 
this area of etching that the growth lamellae are revealed. The dirunond has it 
maximum dimension of 2mm. 
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Table 3.1 shows the inclusion abundances of diamonds from the De Beers 
Pool as shown by Harris et al, (1984). It can be seen that peridotite suite inclusions 
dominate at all three mines and the proportion of eclogite suite inclusions is less than 
109'o. 
In Table 3.2 the abundances of inclusions from Bultfontein, using data from 
this study, are compared with data from three other mines on the Kaapvaal Craton. At 
Premier eclogite paragenesis inclusions are abundant. Although peridotite suite 
inclusions dominate at Roberts Victor and Koffiefontein the abundance of sulphide 
inclusions at these two mines is much greater than at Bultfontein. Bultfontein and the 
other three mines in the De Beers Pool are distinct because of their low eclogite and 
low sulphide abundances and also have a very high abundance of chromite inclusions. 
Inclusion morphology and orientation shows a close relationship to that of the 
diamond. As shown in figure 3.5, colourless inclusions in particular have (11,1) faces 
of cuho-octahedra aligned parallel to the (I 11) faces of diamond and (100) faces 
aligned parallel to the cubic directions of diamond. Such a relationship suggests that 
the inclusion morphology is imposed by the diamond. Work by Harris and Gurney 
(1979) has shown that the imposition of diamond morphology occurs during mutual 
growth as a result of the higher form energy of the diamond. 
3.3 I'cridulilc suite inclusion chemistry. 
Diamonds were chosen from those that comprise Table 3.2 to reflect the high 
peridotite content of Bultfontein diamonds: Peridotite suite inclusions account for 
78% of the inclusion population, eclogite bearing constitue only 8%. Sulphides (12%) 
and irresolvable clouds (2%) fonn the remainder. 
3.3.1 Chromºiles. 
Electron microprobe analyses show that the chromite inclusions from 
Bultfontein are individually homogeneous. Concentrations of chrome fall in a narrow 










Imposed I\1 rpIft Iogy on ('toothless Ilidusiººtºs. 
'I'ltis ct)lourless inclusion in diamond is aligned within the (III) plane of the 
diamond and has it morphology imposed On it by the diRuºutnd. The inclusion 
is a cub) octahedron with (I I I) faces parallel to the diamond (I II) faces and 
(100) faces planar to the diamond four fold crystal direction. 
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Table 3.1 
Syngenetic Inclusion Abundances for the De Beers Pool Mines. 
o w. arm o. ry.. rar 
1'cridolite I'aragenesis (%) 
Chromite 31.5 41.1 30.0 6.5 
Ol/Opx 33.7 34.7 32.5 37.9 
Garnet 9.0 4.5 7.5 29.2 
Cpx - - 1.3 1.4 
Combinations 5.6 8.2 10.0 15.2 
Eclogife Paragenesis (%) 
7.8 5.4 9.9 5.8 
Sulphides (%) 
12.4 6.2 8.8 4.2 
(All data from Harris et al., 1983) 
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Table 3.2 
Syngelle(ic Inclusion Abundances at It tilt l'unteiu Compared with Other Mines 
on the Kaapvaal Craton. 
1 2 3 4 
Peridolite Paragenesis (%). 
Chromnite 40 0 18 1 
Olivine 11 13 34 13 
Orthopyroxene 20 6 18 11 
Garnet 6 2 11 10 
Clinopyroxene 1 1 1 0 
Eclogile I'aragenesis (%) 
Garnet 2 13 2 3 
Clinopyroxene 6 28 8 1 
Sulphide( o) 
12 36 9 61 
Locality 
1 Bultfoutein 
2 Premier (Gurney et al, 1985) 
3 Roberts Victor (Gurney et al, 1984) 
4 Koffiefontein (Gurney et al, 1986) 
 
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solution component (Fe, Mg)Cr204 with an aluminium concentration (7.63 wt. % 
A1203) equivalent to a spinel ((Fe, Mg)A1204) component of 13%. The analyses are 
presented in Appendix 1. 
As shown in figure 3.6, the Bultfontein chromites are more chrome and 
magnesium rich than chromite inclusions from Finsch, (Gurney et al, 
1979) 
Jagersfontein, Koffiefontein, Premier, Roberts Victor and Orapa (Gurney et al, 1984) 
and from other localities such as Sierra Leone, Ghana and the Yakutia kimberlite 
in 
Siberia, USSR (Sobolev, 1977). The chromite compositions of the inclusions are also 
much more chrome and magnesium rich than those in kimberlites (Shee, 1984) and 
peridotite nodules (Sobolev, 1977) the latter having between 44 and 60 wt. % chrome. 
Individual chromites fromm Bultfontein have variable FeO and MgO content, 
with a range of Fe/Fe+Mg ratio from 0.37 to 0.24. Aluminium content varies with the 
Fe/Fe+Mg ratio with high aluminium chromites being more iron rich. Such a 
relationship suggests a coupled substitution between Mgt+Cr'+ and Fe2+A13+ Up to 
0.43 wt. % Ti02 and 0.12 wt. % NiO is present in the chromites. MnO was not 
determined because of the interference of Mn ka and Cr K(3 X-ray peaks. 
lt was noticed that the Fe/Fe+Mg ratio of the chromites, and to a limited 
extent the Cr and Ti content, varied with the position of the inclusions within the 
diamonds. Inclusions close to the centre of the diamond (including those on macle 
planes) were more Mg and Cr rich than those on diamond peripheries which were 
more Fe and Ti rich, this relationship is shown in figure 3.7. All of the iron in the 
chromites was calculated as FeO. Recalculation of the spinel formulae for Fe and Ti 
rich inclusions showed that up to 0.5 Fe3+ may be present per 24 cations, such values 
represent a very small magnetite fraction (less than 1%) in the spinel formula. 
The iron and magnesium variations for chromites in different positions have 
been shown to correspond to coupled substitutions of Feg+A13+ for Mg2+Cr3+ý 
Fe2+Ti4+ for 2Mg2+ and possibly limited Fe2+Fe3+ for Mg2+Cr3+. Such a 
substitution would seem to indicate that as the diamond grew the environment became 
more enriched in iron and titanium, and possibly even Fe3+. 
Compositions of chromites from selected localities 















The chromites at Bultfontein are chrome and magnesium rich. The Bultfontein 
chrornites have a range in comnposition, also seen at other localities such as Siberia, 
and in other African diamonds. There is a range from A13+ and Fe2+ rich 
compositions to more Cr3+ and Mg2+ compositions, possibly indicating a change in 
environment. Bultfontein chromfites are the most chrome and magnesium rich. 
I 
Chromite variation for Bultfontein 








Cuniposilional change in chrol"ilrs. 
A range in chromite compositions occurs in the Bultfontcin diamonds fioin 
high Mg2+ quid Cr3+ to more Ce2+, AI3+ and 'l, i4+ rich compositions. 
Chromites recovered from the diamond peripheries are more enriched in iron 
and titanium than those occurring near the diamond cores. I'lic peripheral 
chromites were totally enclosed within the diamond and it is therefore, likely 
that the compositional changes represent a change in environtncntal 
conditions, and are not a consequence of alteration by the kimberlite. 
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f02 Conditions for Spinels. 
Two stablity fields are shown for spinels at different oxygen fugacities (Haggertey, 
1979). At higher f02 the magnetite component of spinel is stable (f02 = 10-7 atm). 
At low f02 (10-9 atm) only the spinel component is stable. Diamond inclusions show 




Chromites and spinels recovered from kimberlites frequently show a change in 
composition from chromian and magnesian cores to rims of titanomagnetite (Shee, 
1984). Also most kimberlite spinels show evolutionary trends towards more Fe and Ti 
rich compositions (Haggerty, 1976), including an increase in Fe3+ content. Spinels 
and ilmenites from kimberlites show an increase in Cr/Al content attributed to an 
increase in Cr2+/Cr3+. These changes are a result of either pressure increase or 
oxygen fugacity decrease (Haggerty, 1979). Since the most likely control on the 
composition of spinels in diamonds is oxygen fugacity, as the pressure of diamond 
formation is high, the chromites may indicate a specific oxygen fugacity or a range of 
oxygen fugacities during diamond growth. Figure 3.8, taken from Haggerty (1979) 
shows that the stability of magnesiochromites is influenced by oxygen fugacity. As 
can be seen from figure 3.8 the chrome spinels are likely to have formed under 
reduced conditions close to 10-9 atm and as a consequence there is only a small 
fraction of Fe3+ present. This low oxygen fugacity may also prevent Cr3+ 
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Fig. 3.9. 
h iltfontein chrome pyrope compositions. 
Garnet compositions from Bultfontein show sub-calcic compositions with a wide 
range in CaO and Cr203 contents. The shaded area represents lheerzolite gamets 
from heavy mineral concentrates (Boyd & Gurney, 1982), peridotite nodules and 
polyrnict xenoliths (Lawless, 1978) from the Bultfontein mine. The garnet inclusions 
in diamond range from calcium rich to calcium poor and overlaps with the field of 
other gamets. The whole garnet inclusion assemblage may represent a continuum 
from calcic compositions, in equilibrium with clinopyroxene, to more depleted sub- 
calcic compositions. A single eclogite garnet composition is shown, this has a very 
low chrome content and high calcium and no genetic relationship between the two 
parageneses is inferred. The line fron 3. Owt. % CaO represents the llierzolite trend, 
the horizonteal line at 2.0 wt. % Cr203 represents the division between peridoite 
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rig. 3.10. 
Chrome pyrope compositions from the Kaapvaal Craton. 
A comparison with peridotite garnets from other localities on the Kaapvaal Craton 
shows that peridotite suite garnets from Orapa and Premier are more calcium rich and 
lie close to the calic trend. This means that they may be in equilibrium with peridotite 
paragenesis clinopyroxene. At Finsch and Roberts Victor compositions are chrome 
rich and indicate an absence of clinopyroxene. Eclogite suite inclusions are shown for 
completeness. 
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3.3.2 Chronic pyropes. 
The electron microprobe analyses of purple garnet inclusions from Bultfontein 
diamonds show a restricted range of Mg/Mg+Fe values of 0.88 to 0.90. The calcium 
values range from 0.89 to 2.33 wt%. The garnets are very chrome rich with a range of 
Cr203 contents from 3.75 to 12.65 wt. %, this corresponding to a maximum 
knorringite ((R2+)3Cr2Si3O12) content of 47.9% (Ringwood, 1977). The remaining 
52.1 % is pyrope ((R2+)3Al2Si3O12). Up to 0.08 wt. % Na20 is also present. 
As can be seen in figure 3.9 the garnet inclusions are chrome rich and sub- 
calcic, and as such, they do not lie on the lherzolite trend. These compositions are 
matched by garnets from heavy mineral concentrates in the kimberlite. Garnets from 
peridotite nodules at Bultfontein (Lawless, 1978) and from polymict xenoliths 
(Lawless et a!, 1979 and Wyatt & Lawless, 1984) show a range in calcium and 
chrome contents from sub-calcic to llierzolite compositions. 
In figure 3.10 the composition of garnet from four other nines on the 
Kaapvaal Craton are shown. At Premier data from Gurney et a! (1985) shows that 
there are two groups of garnet; one group has sub-calcic compositions whilst the other 
shows a lherzolite trend. At Orapa (Gurney et al, 1984) most garnet inclusions have 
compositions close to the Iherzolite trend. Most of the garnet inclusions from Pinsch 
(Gurney et a!, 1979) and Koffiefontein (Gurney et al, 1984) are sub-calcic. 
3.3.3 Colourless Inclusions. 
Colourless inclusions are the most abundant silicates at Bultfontein. From 
microprobe analyses orthopyroxenes are the most numerous. Assuming that the parcel 
of diamonds is representative of the inclusion population the ratio of orthopyroxene to 
olivine is approximately 2: 1. 
Orthopyroxenes are highly magnesian with a narrow range between enstatite 
(MgSiO3) contents of En93 and En92. Up to 0.35 wt. % CaO is present in 
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orthopyroxenes where the iron content is lower. Nickel and chrome concentrations are 
between 794 to 1414ppm and 273 to 2463ppm respectively. 
Orthopyroxenes from other mines on the Kaapvaal Craton show similar, 
restricted Mg/Mg+Fe rations. Chrome contents show values of 496ppm for Finsch 
(Gurney et al, 1979) and 1402ppm for Roberts Victor (Ilarris et al, 1984). No nickel 
data is available for these two mines. 
Olivine compositions also show restriction in their MgO and FeO content and 
range between ro93 and Fo90. Significant amounts of Cr (34 to 273ppm) and Ni 
(1807 to 3064ppm) are also present. Calcium is not detectable as is common in high 
magnesian olivines (Jurewicz & Watson, 1988, a& b). The chrome contents at 
Roberts Victor are 58ppm, which is within the range of values seen at Bultfontein. At 
Finsch, however, the olivines have no detectable chrome. Nickel information has not 
been published for these two mines. 
Olivines and orthopyroxenes from Bultfontein show significant variation in 
the nickel and chrome contents. Experimentally determined partition coefficients for 
nickel and chrome (see Irving, 1978 for review) and simple batch melting calculations 
(Cox et al, 1979) can be used to predict the behaviour of these elements in residues 
from partial melts of garnet Iherzolites. Figure 3.11 shows the range of nickel 
contents in olivine and orthopyroxene that might be expected to result from partial 
nnelting of two model lherzolites. Olivines correspond to 10 to 50% partial melt, 
while the much higher chrome contents of orthopyroxene correspond to values as 
high as 70% partial melt, although two inclusions show values equivalent to 10% 
melting. If the assemblage produced in residues consists of both olivine and 
orthopyroxene then the diamonds inclusions would have formed as a result of 
approximately 50 to 70% partial melt, which is a values that lies between the 
compositions of olivines and orthopyroxenes. 
Nickel partitioning is dependent on the MgO content of melts (Hart & Davis, 
1978) and from the partitioning evidence a high MgO melt may have existed during 
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Ni and Cr contents of olivines and orthupyruxcnes frone Bullflmlein. 
Values for nickel and chrome for olivine (circles) and orthopyroxene 
(squares) inclusions in Bultfontein diamonds are shown. Also shown are Ni 
and Cr concentrations is residues from a 10,50 an 70% partial melt of two 
model lherzolites. The upper diagram (A) has a starting composition of 70% 
olivine and 20% orthopyroxene, while in the lower diagram (B) the initial 
composition has 80% olivine and 10% orthopyroxene. In both cases high 
degrees of partial melt are necessary to produce the inclusion compositions. 
I 
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olivines and orthopyroxenes. Despite this nickel and chrome show a wide range of 
values. No specific nickel or chrome content can be assigned for a MgO content of 
the inclusions at Bultfontein. It is noticeable that the nickel and chrome contents of 
komatiites, which are also regarded as high degree partial melts of primary mantle, 
are similar to the levels in the inclusions (Cawthorn & McIver, 1977; Bickle et al, 
1977; Bickle, 1982). The amount of chromium in olivines does not relate to growth in 
the presence of chromite because olivines from chromite deposits are not enriched in 
Cr. Meyer and Boyd (1972) suggested that some chrome in olivine may be divalent. 
The major controlling factor on the Cr2+/Cr3+ ratio is probably oxygen fugacity 
(Meyer, 1975) and high Cr contents in olivine may represent more reduced 
conditions. 
In addition to the olivines and orthopyroxenes three other colourless 
inclusions were found, all of which are believed to be syngenetic. These are: a volatile 
bearing MgO phase, considered to be magnesite (MgCO3), a potassium feldspar and 
two silica phases (99wt. % Si02), probably coesite. 
The magnesite inclusion was a transparent cubo-octahedra which has had a 
morphology imposed by the enclosing diamond. There were no fractures in the 
diamond which connected the inclusion to the diamond surface and it is unlikely that 
the magnesite was a product of the alteration of silicate inclusions. The magnesite 
composition was pure end member magnesite with 46wt% MgO. 
Potassium feldspar has been recognized as an inclusion of eclogitic 
paragenesis (Prinz et al, 1975) and also may occur as exsolution lamellae in eclogitic 
clinopyroxenes. The potassium feldspar was the only inclusion in the diamond and so 
the paragenesis was uncertain. 
The two silicate inclusions have Si02 contents of 99 to 100wt. %. Although 
the miner: 11 stnicture is undetermined these inclusions are probably coesite, which has 
been recognised as an inclusion of eclogitic paragenesis. However, the two examples 
at 13ultfontein coexist with inclusions of peridotite paragenesis, namely orthopyroxene 
and chrome pyrope garnet, and these inclusions do not differ significantly from the 
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compositions of other peridotite suite inclusions. Reaction between olivine and 
coesite to produce orthopyroxene would probably eliminate any minor silica phases 
present in the lithospheric mantle. It is possible that the high abundance of 
orthopyroxene inclusions at Bultfontein represents such a reaction. 
3.3.4 Chrome diopsides. 
Chrome diopside inclusions are very rare at Bultfontein. The four which have 
been analyzed show a range in composition. Mg/Mg+Fe ratios vary from 0.86 to 0.83 
which is much more iron rich than the Mg/Mg+Fe ratios for olivine and 
orthopyroxene. For this reason it is unlikely that there was equilibrium between the 
clinopyroxene and the two other phases. Calcium contents show a range from 16.0 to 
18.75 wt. %. High concentrations of Na20 (1.64 to 6.35 wt. %) and Cr203 (1.48 to 
3.47 wt. %) exist suggesting ureyite (NaCrSi2O6) substitution. Concentrations of 
aluminium are low and there is little evidence for aluminium in tetrahedral sites 
(A11V). 
Clinopyroxenes of peridotite paragenesis are documented by Sobolev (1977) 
in diamonds from the U. S. S. R. They all have high chrome contents (up to 3.54wt. %) 
which distinguish them from eclogite paragenesis clinopyroxenes. Sodium contents 
are high (2.25 to 3.33 wt. %) and Sobolev has termed these compositions chrome 
omphacites. There is little evidence in the chrome diopsides for either jadeite 
substitution or aluminium in octahedral coordination. The Mg/Mg+Pe ratios of 0.95 
for the Russian clinopyroxenes indicates that the iron content is lower than at 
Bultfontein. 
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3.4 l: clogile suite inclusion chemistry. 
3.4.1 (; articls. 
Two orange, eclogite paragenesis garnets were analysed from Bultfontein. 
These have a limited composition with an Mg/R2+ values of 0.5 (where R2+ ions are 
Mg, Fe, Ca and Mn). Chrome contents are low (0.06 wt. %) and there are minor 
amounts of Na20 (0.18 wt. %) and Ti02 (0.36 wt. %). Titanium is probably 
incorporated into the aluminium sites in the garnet structure. It is unlikely that the 
apparent concentration of P205 of 0.7 wt. % represents the true value of phosphorous 
because during microprobe analyses the first order P Kot peaks and the second order 
Ca K13 peaks interfere. 
Although there is only a small data base for the Bultfontein eclogite 
paragenesis garnets, the Mg/R2+ ratios at Bultfontein are within the range of values 
from Orapa (0.48 to 0.80) and Premier (0.40 to 0.60). In addition the latter two mines 
also show minor amounts of sodium (0.19 and 0.26 wt. % respectively) and titanium 
(0.29 and 0.89wt. %). 
3.4.2 Cliimpyroxenes. 
The analysis of 6 eclogite suite clinopyroxene inclusions from Bultfontein 
show a range in Mg/Mg+Fe ratios of 0.45 to 0.49. Sodium contents are high (4.68 to 
2.13 wt. %) and correlate with high aluminium contents (2.56 to 8.41 wt. %) probably 
representing jadeite substitution, as a function of high pressure. In addition aluminium 
apparently replaces silica indicating Tschennak substitution. At mines such as 
Premier, jadeite substitution is higher in eclogite suite clinopyroxenes. An ilmenite 
lamella is present in one inclusion. The ilmenite lamella is too small for a detailed 
chemical analysis but has an apparent content of 28.0 wt. % Ti02 and 25 wt. % FeO, 
with the remaining 47% apparently formed fron MgO, CaO and Si02. This probably 
represents the composition of the surrounding clinopyroxene. It is difficult to 
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determine the amount of ferric (Fe3+) and ferrous (Fe2+) iron in the ilmenite, which 
would indicate the amount of haematite (Fe203) present: If the ilmenite was a 
product of high f02 alteration fluids then the ferric component would probably be 
higher. In the absence of this information it is impossible to determine whether the 
ilmenite lamella is a product of alteration, or is a primary feature. 
3.5 Sulphide inclusions. 
Sulphide inclusions belong to the system Fe-Ni-S and at high temperatures 
monosulphide solid solution (Mss) is the dominant phase (Craig, 1974). Most 
sulphide inclusions in diamonds represent subsolidus re-equilibration of Mss. These 
relationships are shown in figure 3.12. Initially excess Cu is exsolved as chalcopyrite, 
folllowed by nickel, exsolved as pentlandite. The exsolution of pentlandite occurs at 
temperatures below 600°C at atmospheric pressure. According to Yefimova and 
Sobolev (1983) and Tsai et at. (1979) sulphides of peridotite paragenesis have a high 
nickel content (16.5 to 29.8wt. %), whereas eclogite paragenesis sulphides have nickel 
contents of less than lOwt. %. 
Of the ten sulphides analyses from Bultfontein eight showed exsolution 
textures. The sulphides consisted of pyrrhotite (Fel_xS) with flame-like exsolution 
lainallae 1 to 3mmn wide of pentlandite ((Fe, Ni)8S9). On four of the sulphides 
chalcopyrite ((Cu, Fe)2S) rims were visible, although these were two small for 
analysis. There was no pyrite (FeS2) or cubanite (CuFe2S3) present. In the pyrrhotite 
there are significant amounts of Co (0.42wt. %) and Cr (0.7wt. %), which have higher 
concentrations (more than 0.9) in the exsolution lamellae. 
From figure 3.12 the relationships between penhandite and pyrrhotite relative 
to monosulphide solid solution (Mss) are shown. If the Mss has a nickel content of 
10% then only small amounts of pentlandite will be exsolved during re-equilibration. 
The sulphides from Bultfontein were the only inclusions present in the diamonds and 
so the paragenesis is unknown. However, the amount of pentlandite exsolved is 





High temperature monosulphide solid solution (Mss) breaks down to form 
chalcopyrite and Mss at lower temperature, then excess Ni is exsolved as pentlandite. 
The sulphide inclusions show exsolutions of pentlandite within pyrrhotite hosts 
indicating the presence of Mss in the original growth environment. These data are 
from Craig (Craig, 1974) at are all for atmospheric pressure. 
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paragenesis. Further evidence for this conclusion was the presence of discrete 
sulphide flakes, too small for analysis, associated with rossette fractures surrounding 
peridotite paragenesis inclusions. 
One sulphide was found to coexist with native iron. As this sulphide was 
heazlewoodite (Ni3S2), which is only stable at low temperatures, both minerals are 
considered to be epigenetic. 
3.6 I; duilihrium conditions at Bultfontein. 
Pressure and temperature of Bultfontein diamond formation can be estimated 
by using established geothennometers and geobarometers. The only coexisting 
minerals were two peridotite pairs of orthopyroxene and garnet. Temperature 
estimates were made using the geothennometer of Harley (1984) based on Fe-Mg 
partitioning. The partitioning of aluminium between orthopyroxene and garnet (Wood 
& Banno, 1973, Wood, 1974 and MacGregor, 1974) can be used to estimate pressure. 
To obtain the pressure estimates the modification of this geobarorneter try Nickel and 
Green (1979) were used since this best approximates to peridotite assemblages 
(Carswell & Gibb, 1985). 
Another possible method of estimating temperature is based on the Cr3+ 
partitioning between olivine and orthopyroxene (Ilervig & Smith, 1982). 
Unfortunately in this case the amounts of chrome in olivine and orthopyroxene are 
very close to electron microprobe detection limits and so this method was not used. 
Temperature estimates using the two orthopyroxene-garnet pairs (Ilarley, 
1984) gave temperatures of 930 and 955°C and pressure estimates are determined as 
41 to 43 Kbar and 50 to 55 Kbar respectively. 
As can be seen in figure 3.13 the Bultfontein P-T estimates lie well within the 
diamond stability field, defined by the graphite-diamond boundary of Kennedy & 
Kennedy (1976). Pressure estimates and temperature estimates (at assumed pressures 
of 50Kbar) are compared with the Bultfontein values in figure 3.13. The Bultfontein 
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Pressure and lemperalUre estimates for BBulllonteiU diamond inclusions. 
Comparison of Bultfontein diamond inclusions with pressure and temperature 
estimates from other localities on the Kaapvaal Craton show that the 
diamonds at Buitfontein formed at lower temperatures and to a certain extent 
pressure than other mines, implying a shallower depth of origin. 
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(Ilarris et at, 1979), Orapa (Gurney et at, 1984) and Premier (Gurney et at, 1985). It 
is noteworthy that the mines which contain diamonds with higher equilibrium 
temperatures occur closer to the edges of the craton. Additional evidence for the 
possible great depth of origin for diamonds peripheral to the craton is seen at 
Monastery and Jagersfontein mines where inclusions of garnet-pyroxene solid 
solution occur (Moore & Gurney, 1985). 
3.7 Conclusions. 
From the morphological and geochemical studies of the inclusion-bearing 
diamonds the following conclusions are drawn: 
I. There are differences in the morphological characteristics between the inclusion- 
bearing diamonds and the total production at Bultfontein. The inclusion-bearing 
diamonds are mostly macles, whilst in the total production irregular cliaunonds are 
more abundant. Macle growth occurs under conditions of super-saturation at high 
energies (Bishop, 1967) and inclusion-bearing diamonds might have grown under 
such conditions. Harris and Gurney (1979) have noted that at Finsch most inclusion- 
bearing diamonds are macles. The inclusion-bearing clianioncls at Buitfontein show a 
high degree of plastic deformation which suggests that they resided in the mantle for a 
long period of time. 
2. The Inclusion-bearing diamonds from Bultfontein are dominantly of peridotite 
paragenesis. Eclogite paragenesis and sulphide-bearing diamonds have a low 
abundance. The most abundant inclusion is chromite, which also dominates at the 
three other mines in the De Beers Pool. Other mines on the Kaapvaal Craton, such as 
Finsch and Koffiefontein, which are also dominated by peridotite suite inclusions, 
have lower chromite abundances. The high chromite content of the diamonds from 
the De Beers Pool is a feature shared with Russian diamonds. 
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3. There is evidence for a variation in chemistry of the growth environment. 17le Mg 
and Fe contents of chromites vary across the Bultfontein diamonds such that 
peripheral chromites are more enriched in Fe and Ti than chromites at the centre of 
the diamonds. Such an increase in Fe and Ti is compatible with the evolution of a 
mantle derived melt. 
4. Peridotite paragenesis garnet inclusions are sub-calcic and indicate growth of 
garnet in the absence of clinopyroxene in a harzburgite assemblage. Peridotite suite 
clinopyroxenes are rare and also have a Mg/Mg+re ratio lower than olivine and 
orthopyroxene inclusions, which also favours a harzburgite environment for diamond 
growth. 
5. The chemistry of the olivine and orthopyroxene inclusions from Bultfontein shows 
very magnesian compositions and also high nickel and chrome contents that favour a 
high degree of partial melting. These compositions are similar to orthopyroxenes and 
olivines in komatiites and Bultfontein diamonds may originate in a harzburgite layer 
that is a remnant from komatiite volcanism. 
6. Sulphide inclusions have nickel contents that indicate a peridotite origin. The 
abundance of sulphides is, however, low in comparison to other mines on the 
Kaapvaal Craton. 
7. Pressure and temperature estimates for the Bultfontein diamonds suggest a 




Nilrogen and carbon characlcri, lics or Uliumitein Diamunds. 
4.1 Nitrogen characteristics. 
Ninety five inclusion-bearing diamonds were studied for their nitrogen 
aggregation state by using infra red absorption spectroscopy (outlined in chapter 
2). The diamonds studied comprised 84 parallel sided cleavage chips, from which 
inclusions had been recovered, and 11 diamonds which had (100) surfaces 
polished onto them. Parallel sided fragments were used in order to reduce the 
reflections from diamond surfaces during infra red spectroscopy. Infra red spectra 
were decomposed using the methods of Davies (1981) and Collins (1980) to give 
nitrogen concentrations at the IaA peak (7.8µm, 1282cm-1), the IaB peak (8.5µm, 
1180cm 1) and the platelet peak (7.3µm, 1370cm 
1). The nitrogen characteristics 
are summarised in Table 4.1 and Appendix 2. 
In Table 4.1 it can be seen that 69 of the diamonds contain nitrogen in the 
IaA aggregate, that is the 1282/1180 ratio is greater than 1.0. None of the 
diamonds are IaB and 7 diamonds show IaA nitrogen only. 11 of the diamonds 
are Type 11. 
Figure 4.1 shows the nitrogen data for the inclusion-bearing diamonds 
from Bultfontein. The ratio 1282/1180 is a measure of the IaA and IaB nitrogen 
contents, a value of 0.36 indicates a IaB diamond, whereas a value of 2.0 
indicates that all. of the nitrogen is in the IaA aggregate. The total absorption at 
1282 cm-1 is a measure of the total nitrogen present. From figure 4.1 it can be 
seen that Bultfontein diamonds are characterised by high IaA contents. The 
1282/1180 ratio for all the inclusion-bearing diamonds ranges from 0.45 to 2.0. 
Between these values the peridotite suite diamonds range from 0.45 to 2.0. The 
few eclogite suite diamonds have a much more restricted range from 1.4 to 1.6. 
The total absorption measured at 1282cm-1 ranges from 2.2 to 48.8 which 
corresponds to nitrogen concentrations over the range of 109 to 1457ppm, with a 
mean of 479ppm. 
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'falble 4.1 
liullloii ein Nilrogen Characteristics. 
IaA laA-11 lall 11 
I'cri(Iat IC 
Chromites 29 0 02 
UI/Olax 22 2 04 
Garnets 6 0 01 
Cpx 4 0 01 
Eclogile 
4 0 02 
Sulphides 
5 2 01 
Table 4.2 
Nitrogen Characteristics for Roberts Victor, Fittscli and 1'rjvttticr. 
IaA lall 11 
Roberts Victor 
Peridotite 40 5 16 
Eclogite 5 0 7 
Sulphides 19 0 1 
Finsch 
Peridotite 57 2 23 
Eclogite 11 0 0 
Premier 
Peridotite 26 0 11 
Eclogite 73 6 0 
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Fig. 4.1 
Nilrogen Characlerislics of Bultfontcin Inclusion Bearing Diamonds. 
The ratios of absorption at 1282cm-1 and 1180cni 1 show the relative 
amounts of IaA and laß nitrogen in the inclusion-bearing diamonds. The total 
nitrogen content is shown by the total absorption at 1282cm-1. 'hie 
Bultfontein inclusion bearing diamonds show high laA contents and high total 




The nitrogen characteristics for another inclusion-bearing suite of 
diamonds from the De Beers Pool (Buitfontein being one mine of this group) are 
shown in figure 4.2 (Davies and Harris, 1980). Both sets of data are characterised 
by high IaA contents and high total absorption at 1282cm"1. The similarity of the 
nitrogen characteristics of the Bultfontein diamonds and diamonds from the De 
Beers Pool indicates that the diamonds studied in this project are not atypical. 
The nitrogen characteristics of Bultfontein inclusion-bearing diamonds 
can be compared with inclusion-bearing diamonds from three other mines on the 
Kaapvaal Craton (Deines et a!., 1984,1987 and unpubl). In Table 4.2 the data 
from Roberts Victor, Finsch and Premier mines are summarised. Among 
peridotite paragenesis diamonds all three mines show a greater abundance of 
Type It diamonds. The data however do not enable a direct comparison of the IaA 
and Ia13 contents between the mines. Diamonds from Premier mine have a high 
abundance of eclogite paragenesis inclusions and 6 show high Type, Iaß content 
and low absolute nitrogen concentrations (Deines et al., 1984). Harris and Collins 
(1980) found a similar relationship in eclogite paragenesis diamonds from the 
Argyle mine in Australia. 
Bultfontein, Roberts Victor and Finsch mines are all dominated by 
peridotite suite inclusions. There is a variation in the total nitrogen concentrations 
in peridotite suite diamonds at these three trines which is shown in figure 4.3. 
Bultfontein diamonds show high absolute nitrogen concentrations and the data are 
skewed towards higher values. Finsch mine has a notably low absolute nitrogen 
content, while the diamonds at Roberts Victor have intermediate values. Type 11 
diamonds are not shown in this diagram (see, however, Table 4.2). 
The nitrogen concentrations of inclusion-bearing diamonds at Bultfontein 
varies with inclusion type, as shown in Appendix 2 and summarised in Table 4.3. 
The highest concentrations of nitrogen occur in sulphide-bearing 
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Fig 4.2. 
Nitrogen Characteristics of the Dc Beers Pool Mines. 
From the ratio of absorption at 1282cm-1 to 1180cm-1 the level of IaA and 
IaB nitrogen can be determined. The total absorption at 1282cm-1 is a 
measure of the total nitrogen present. These data for the De Beers Pool are 
taken from Davies and Harris (1980) and show the nitrogen characteristics for 
the four mines in the Kimberley area. The plots show high concentrations of 
IaA nitrogen but a variation in total nitrogen concentration. Diamonds with 
more laß nitrogen show a lower nitrogen content. On the ordinate of the 
graph a value of 2.0 indicates a IaA diamond, while a value of 0.36 indicates a 
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Fig. 4.3 
Nitrogen Contents for l'eridutitc Suite Diamonds from Bullfontein, 
Roberts Victor and Finsch. 
The total nitrogen concentrations for peridotite suite diamonds from 
Bultfontein show higher values than Roberts Victor and Finsch. At Finsch the 
nitrogen concentrations are very low. In all three mines the data is skewed 




Nitrogen Concentrations for Rultfontein Peridotite Suite Diamunds. 
Range of Range of Mean. 
1282/I 180 Total Nitrogen 
(2hromite 1.1-2.0 48-1358 443 
01/01)X 0.45-2.0 93-978 268 
Garnet 1.2-1.9 153-303 ' 240 
Cpx 1.3-1.9 133-858 485 
Sulphide 0.6-1.8 211-1467 824 
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824ppin). At Finsch and Roberts Victor diamonds which contain sulphides also 
show the highest nitrogen concentrations. 
The relative concentrations of nitrogen and the aggregation states of 
nitrogen are useful as a potential indicator of temperatures of formation and 
possibly mantle residence time. Studies of synthetic diamonds by Chrenko et al., 
(1977) have shown that single substitutional nitrogen when subject to high 
temperature will aggregate to Type Ia. The rate of aggregation can be expressed 
in terms of second order kinetics as follows: 
Kt=1/C-1/Co 
Where K is the rate constant (ppm-lmin-1), Co is the initial concentration 
(ppm), C is final concentration and t is time. The activation energy can be 
expressed as: 
K= Ae-EAT 
where E is the activation energy and A and k are constants. At 
temperatures above 2000K (1727°C) values of K are 1.74 x 10-4 plan-lmin"1 and 
E 2.6eV. 
Evans and Qi (1982) have detennined the values of rate constants (K) for 
nitrogen aggregation from lb to la over a range of temperatures and pressures 
appropriate to mantle depths. At low temperatures (900°C) the rate constant is; 
2.9 x 10-9 ppm'I min-1 for an initial concentration of 114Oppm (2 x 10261n"3) as 
can be seen from Table 4.4, a period of 5.7 x 1010 years would be required to 
transform all the lb nitrogen into an aggregated fonn (1a), a period obviously 
older than the age of the earth. Type lb diamonds are rare in nature so the rate 
constants must have higher values in order to produce the common Type IaA 
diamonds. At higher temperature (1400°C) the rate constant for a nitrogen 
concentration of 2x 1026 m'3 of nitrogen is such that a period of only 2.2 x 104 
years aggregates all the nitrogen as IaA (Table 4.4). 
The aggregation process for Type Iaß nitrogen is more complicated 
because IaA centres (10 not directly aggregate to laß centres. 
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'T'able 4.4. 
T°C t99.999% la 
90( 5.7 X 1010 
1000 1.2 X 109 
1100 4.3x107 
1200 2.5 X 106 
1300 2.0 X 105 
1400 2.2 X 104 
Time, in years, for 99.999% transition from Type lb to Type la diamond with 
activation energy of 5eV (Evans & Qi, 1982). 
Table 4.5. 
I 
T°C t20% t50% 
900 2.8X1015 1.1X1016 
1000 7.6X1012 3.0X1013 
1100 4.9 X 10) 2.0 X 1011 
1200 6.4X108 2.9Xi0 
1300 1.4X1Q7 5.6X107 
1400 4.9 X 105 2.0 X 106 
Times, in years, to aggregate 20 and 50% 1aß nitrogen from laA nitrogen with an 
activation energy of 7.6eV (Evans & Qi, 1982). 
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Platelet development (lJursill & Glaisher, 1985) and N3 centre fonnation 
accompanies the IaA to Iaß transition. Nevertheless Evans & Qi (1982) suggest 
that similar second order kinetics dominate the IaA to Iaß transition. Activation 
energies of 7.6 eV give periods to aggregate 20% of 1aß of 7.9 x 1012 years for 
1000°C. Lower temperatures and therefore activation energies, as shown in Table 
4.5, would show more extended periods of aggregation. For example, at 900°C a 
period of 2.8 x 1015 years would be required to nucleate 20% of the A aggregate 
to the B aggregate. Measurements of the activation energy and rate constants for 
IaA to Iaß nitrogen are poorly known and are at present being refined. 
The relative amounts of nitrogen in the IaA or IaB aggregate can be 
determined by plotting the ratio of absorption at 7.8µm produced by the IaA 
aggregate and the total absorption at the 7.8µm peak. Figure 4.4 shows this ratio 
plotted against the ratio of absorption at the peaks 7.3µm and 7.8µm, which is a 
measure of the amount of nitrogen in platelets. Platelet growth accompanies the 
regular transition from laA to IaB nitrogen and it would be expected that as the 
7.8A/7.8'rotal ratio decreases the ratio of 7.3%1.8 increases (Woods, 1986). 
Figure 4.4 plots the 7.3/7.8 against 7.8A/7.8Total ratio for peridotite suite 
diamonds from Bultfontein. As can be seen the nitrogen characteristics vary with 
inclusion type. Chromite-bearing diamonds are Type IaA with a few of low IaB 
contents (7.8A/7.8Tota1 less than 1.0). Diamonds which contain olivine and 
orthopyroxene appear bimodal but follow quite closely a linear relationship 
between laß content and platelet concentration. One group has relatively high 
platelet and IaB nitrogen while the other group has a relatively high laA. 
Diamonds containing garnets also show two populations similar to those for 
olivine and orthopyroxene. Diamonds which contain clinopyroxenes of both 
peridotite and eclogite paragenesis and sulphide-bearing diamonds all show high 
IaA contents with virtually no IaB nitrogen. 
The aggregation of nitrogen is controlled by temperature, time and the 
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Fig 4.4. 
Platelet and tali content at 13tilt fonlein. 
The ratio 7. Mfl. KTotal is a measure of the contribution of lau nitrogen to the 
absorption peak at 7.8µ. m, when the value is equal to 1, all the nitrogen is 
aggregated as the IaA aggregate. The diagram shows an inverse linear 
relationship with diamonds that show high platelet peaks containing more 1aß 
nitrogen. 
Diamonds with different inclusion types show different nitrogen 
characteristics. Diamonds with olivine and orthopyroxene inclusions show 
two groups. One group has high platelet and high Iaß characteristics, the other 
group shows more laA nitrogen and lower platelet content. Diamonds which 
contain garnets also show two similar groupings. In diamonds which contain 
chromites the concentrations of laß nitrogen and the platelet contents are low. 
I 
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Bultfontein highlights the possibility that there are two groups of diamonds, one 
group containing olivine, orthopyroxene and garnet and having a high laB 
content. The other group containing most of the chromites but also some olivine, 
orthopyroxene and gannet. This second group is dominated by Type IaA nitrogen. 
The average amount of nitrogen in the group with high Iaß contents is 
232ppm wuth a !ß of 66. For the group with high laA the mean concentration is 
are S20ppmi, although the range is greater (I(; = 429). 
The differences in the nitrogen aggregation states between the two groups 
may result from differences in the initial concentration of nitrogen with 
aggregation over the same time and under the same temperature conditions, as 
shown by the equations above. Microprobe analyses show that there are no 
chemical differences between the olivines and orthopyroxenes of the two groups. 
Inclusions in both groups therefore grew under identical geochemical conditions. 
Temperature estimates for garnet and orthopyroxene pairs from the high IaB 
group give values of 930 to 955°C. I 
For the Bultfontein diamonds there are two possible explanations for the 
two groups of nitrogen characteristics: First that the differences in IaB content 
result from differences in the initial concentration of nitrogen. Second that two 
populations represent two phases of diamond growth that are separated by a long 
period of time. From the data shown in Table 4.5 the time taken to aggregate 20% 
of the nitrogen as la13 at 1000°C is 3.8 x 1013 years for initial nitrogen 
concentrations of 232ppm. For initial concentrations of 52Oppm the time taken to 
aggregate 20% 1aß is 1.7 x 1013 years. At temperatures of 1200°C the time 
required to aggregate 20% laB for the two concentrations is 3.1 x 109 and 1.4 x 
1010 years respectively. For low nitrogen concentrations the time required to 
aggregate laB nitrogen is less than for high initial nitrogen concentrations, for 
example the time taken to aggregate 20% of the nitrogen in diamonds with 
232ppin of nitrogen would only aggregate 3% in diamonds with 520ppnu 
nitrogen. Diamonds which contain olivine, garnet and orthopyroxene are mostly 
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macles, whereas chromite-bearing diamonds are mainly aggregates and irregular 
stones. Conditions of formation for diamonds which contain garnet, olivine and 
orthopyroxene were probably supersaturated in carbon, allowing macle formation. 
Chromite-bearing diamonds therefore formed under different conditions (not 
supersaturated in carbon). Whether one set of conditions gave rise to another with 
time or whether they represent isolated occurrences, with different initial nitrogen 
concentrations, remains unknown. 
4.2 Carbon isotopic compositions. 
The carbon isotope compositions for 95 chips of inclusion-bearing 
diamonds were determined using the method described in Chapter 2. These data 
are presented in Appendix 2. The analyses have a typical precision of 16 0.17 O/ 
and the accuracy of analyses, based on the comparision with the NBS21 standard, 
is ± 0.26 0/00. The carbon isotope values were measured on diamond fragments 
different to those used for infra red studies. , 
The carbon isotope values for the Bultfontein peridotite and sulphide- 
bearing diamonds range from S 13C of -0.46 to -10.29 0/00 (eclogite suite 
diamonds show a more limited range of S 13C from -6.6 to -4.6 doo). The mean 
carbon isotope value is 8 
13C 
-4.66 0/0o vs PDB. The distribution of isotope 
values is not Gaussian and values for peridotite suite diamonds are skewed 
towards compositions enriched in 13C. 
Although the carbon isotope values for Bultfontein are limited, the mean 8 
values of isotopic composition varied with inclusion type as shown in figure 4.5. 
Diamonds with chromite inclusions are the most 13C enriched with a mean a 13C 
value of -3.76 °/oo, with a distribution skewed towards heavier compositions (for 
33 diamonds). The mean value for 26 olivine and orthopyroxene-bearing 
diamonds is -4.95 Oloo and are similarly skewed towards heavier compositions. 
The carbon isotope ratio for the 11 diamonds which contain peridotite paragenesis 





































Carbon Isotope Variation with Inclusion Type. 
Differences in carbon isotope characteristics for garnet, olivine, orthopyroxene, 
sulphide and chromite-bearing diamonds are shown. Diamonds which contain garnet 
are isotopically light. Diamonds with olivine and orthopyroxene are skewed towards 
heavier values. Diamonds with the heaviest S 13C values contain chroinites and 
compositions are skewed towards lighter values. The shaded area beneath the garnet 
histogram represent the 8 13C values for eclogite paragenesis diamonds. 
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garnets has a mean 8 
13C value of -6.04 °/oo and shows no skewness. In contrast 
the mean value for diamonds which contain eclogite suite gamets is -5.26 o/oo. 
Sulphide-bearing diamonds have a mean 8 
13C 
value of -5.25 0/00. 
In comparison to similar work from other sources on the Kaapvaal Craton 
by Deines et al. (1984 & 1987) the mean 6 
13C value for the Bultfontein 
diamonds is found to be relatively 
13C 
enriched, as shown in figure 4.6. At 
Finsch the mean 8 13C value for 93 analyses is -5.98 (1(y = 1.10) otoo and at 
Premier the mean 8 13C for 66 diamonds is -4.84 (1(Y = 1.82) o/oo (Deines et al., 
1984). At Roberts Victor the mean 5 13C value is -6.40 (1(y = 3.25) o/oo for 95 
analyses (Deines ei al., 1987). 
Statistical analyses of the data from the four mines (see Cheeney, 1983) 
show that Bultfontein, Premier and Roberts Victor diamonds were probably 
derived from a reservoir with the sane isotopic composition (Student's t test to 
95% confidence), since the predicted range of means from the source overlaps. 
An isotopically lighter source is favoured for Finsch. Further testing 
(Kolmogorov-Smirnov) confinns a separate origin for Finsch because there is a 
greater discrepancy in the cumulative frequency of isotope compositions between 
Finsch diamonds and the cumulative frequency of diamonds from Bultfontein, 
Premier and Roberts Victor. 
A Gaussian (or normal) distribution would be expected from a single 
isotopic source if all the carbon present in a given reservoir is converted into 
diamond, or if the carbon reservoir is infinitely large. The distribution of data 
from Finsch, Premier and Bultfontein is not Gaussian. At Finsch and Bultfontein 
the values are skewed towards heavier isotope compositions while at Premier the 
data is slightly skewed towards lighter, 13C depleted values. At Roberts Victor on 
the other hand the data define a normal distribution. Non Gaussian distributions 
of data at Finsch, Roberts Victor and Bultfontein may result from sampling of 





































Carbon Isotope Composition for Mines on the Kaapvaal Craton. 
The data shown are for four mines, Premier, Finsch and Roberts Victor (Deines, 1982 
& Deines et al., unpubl. ) and Bultfontein (this study). Shaded sections show eclogite 
suite diamonds and unshaded areas are peridotite diamonds. Bultfontein peridotite 
suite diamonds show a heavier mean carbon isotope composition, two populations 
and a skewness towards light 8 
13C values. Diamonds from Finsch mine, are 
isotopically lighter than Bultfontein diamonds and are probably derived from a 
different carbon reservoir. At Finsch the 8 
13C values are also skewed towards 




the predicted mean reservoir compositions. A more favoured explanation is that 
the skewed distributions result from isotope fractionation processes which are 
discussed later. 
For the Bultfontein inclusion-bearing diamonds there is no correlation 
between 8 13C values and nitrogen characteristics. The change in carbon isotope 
composition with inclusion type shows olivine and orthopyroxene-bearing 
diamonds of the two groups have lighter isotope values than chromite-bearing 
diamonds. 
The mean values for carbon isotopes for diamonds from Bultfontein (-4.66 
Oloo) are close to the values ascribed to mantle derived rocks such as carbon as 
carbonate in carbonatites and kimberlites and carbon as graphite in meteorites (-- 
5 0loo)(Deines & Wickman, 1973; 1975). The range of 8 13C of -0.46 to -10.29 
o/oo and the non Gaussian distribution for Bultfontein would not be expected if 
there had been complete conversion of elemental mantle carbon to diamond, or 
precipitation of diamond from an infinite reservoir. It is also possible that the non 
Gaussian distributions in isotopic compositions at Bultfontein result from 
heterogeneities within the source reservoir, for example heterogeneties that result 
from primary earth accretion (Clayton, 1986) or from mantle mixing processes 
such as subduction (Kyser, 1986). Despite the range in isotope composition 
however it is clear that the mode of S 13C values at Buitfontein is close to the 
value of mantle carbon of - -5 0/00. 
If separate carbon reservoirs were sampled in the production at 
Bultfontein then the data would be expected to show a normal distribution around 
the mean 8 13C value for each reservoir. 
The data from Bultfontein shows small differences in carbon isotope 
composition with each inclusion type. As previously mentioned the olivine, 
orthopyroxene and garnet bearing diamonds show a skewness towards heavier 
isotopic compositions. The non Gaussian distribution (i. e. skewness) of the 
Bultfontein diamonds is discussed in the next section in terms of limited carbon 
reservoirs and diamond precipitation processes. 
4.3 Isotope Fractional ion Processes. 
If the total amount of carbon present in a given, restricted reservoir in the 
mantle is transformed into diamond and there is no isotopic communication with 
the surroundings then the diamond will have the same S 13C value as the 
reservoir. If only a specific amount of carbon in a reservoir is transfonned into 
diamond the S 13C value of the diamond may differ from the reservoir as a result 
of isotope fractionation processes. The latter situation can be applied to the upper 
mantle. According to Deines (1980) the equilibrium conversion from graphite to 
diamond is free from isotope effects. Reactions between C02-rich melts and 
diamonds would only produce a small fractionation. The greatest isotope 
fractionation occurs when carbon is precipitated from interactions of C-O-II 
volatiles. In the upper mantle the volatile species present in a C-0711 free vapour 
phase will be 1120,112, CO2. CO, Clio and 02, in addition carbon (as graphite 
or diamond) will be stable if the oxygen fugacity is appropriate. The abundance of 
each species is controlled by the following equilibria: 
2112+02=21120 
2C0 + 02 = 2C02 
CO +3I12=C114+1120 
C+ 02 = C02 
At any given temperature the vapour composition is dependent on oxygen 
fugacity and the stability of each species has been calculated by Deines (1980). 
These are shown in figure 4.7 for a pressure of 50kbar. With deposition from a 
vapour, most diamond will be either precipitated frone C114 or CO2 through 
reactions 1 to 4, shown below. Precipitation of carbon can occur at the interface 
between zones of contrasting oxygen fugacity (see figure 4.7). Haggerty 
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Fields of carbon species as a Function of Pressure, Temperature and f02. 
The stability fields for different carbon bearing species are shown as a function of 
temperature and oxygen fugacity for pressures of 50kbar. At low f02 carbon is stable 
as C1I4 and at high f02 carbon is stable as CO2. CO is never a major carbon bearing 
species. Between the fields of C114 and CO2 carbon is stable as graphite C(g) or 
diamond C(d) and 1120 is the dominant volatile. Carbon can be precipitated by CH4 
oxidation or CO2 reduction (Deines, 1980). 
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(1986), for example, suggested precipitation can occur with the expected change 
in f02 conditions at the asthenosphere-lithosphere interface. 
Precipitation of carbon occurs through the following reactions: 
C02 =C+ 02 (1) 
CI-14 =C+ 2112 (2) 
CO2 + 2H2 =C+ 21120 (3) 
CO2 + CH4 = 2C + 21120 (4) 
CO reactions have been eliminated from consideration (see above). 
The fractionation effects between different phases can be expressed as 
modifications of the fractionation factor (xv-c, defined (Valley et al., 1986) as: 
13C/12C vapour 
13C/12C solid 
The value A 13Cv-c, which is S 13Cv -5 
13Cc, 
approximates to 10001n 
oc-c (the per mil fractionation). Deines (1980) has modelled the effects of 
changing oxygen fugacity on the precipitation of diamond from a vapour with aS 
13C value of -5 °/oo. At low oxygen fugacity where C114 is the dominant species, 
fractionation factors tend towards Ov-c = ACli4-c (--1) while at high oxygen 
conditions Ov-c is close to that of ACO2-c (---+4). These relationships are shown 
in figure 4.8. There is a very narrow zone between the two fields where the value 
of A 
13C changes rapidly from CI14 to CO2 and this zone corresponds to the 
minimum carbon content in the vapour, whether the carbon is graphite or 
diamond. If, for example, there was an increase in oxygen fugacity from 10-14 to 
10-12 at 950°C the A 13C value would change from -1 to +3 and the a 
13C 
value 
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Fig. 4.8. 
Isotope Fractionation Between Vapour and carbon. 
Lines of equal 1000lnav, are shown as a function of temperature and f02. The 
fractionation factor at low f02 approximates to 10001netC114-c and at high f02 to 
1000lnoaCO2-c. There is a transition between the two zones where the fractionation 
factor changes from one extreme to the other (Deines, 1980) and this corresponds to 
the minimum carbon content of the vapour, where diamond is most stable. The 
change in fractionation factor is such that at high oxygen fugacity where CO2 is the 
dominant carbon-bearing species fractionation between diamond and vapour will 
mean the isotopic composition of diamond is 4 0/00 lighter. 
f 
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If volatile reservoirs are relatively limited in extent then removal of 
carbon as diamond or graphite alters the bulk isotopic composition of the 
remaining vapour. Deines (1980) has predicted the sampling frequency of 8 
13C 
values for the two probable diamond forming reactions (1 and 2) for a mean 
vapour with a8 
13C value of -5 0/00. In reaction 1, which precipitates carbon by 
CO2 reduction, the initial fractionation factors are close to ACO2-c, which has a 
value of 4. In consequence the diamond that is precipitated would have a8 
13C 
value of -9 0loo if the mean vapour composition was -5 0/oo. If only a small 
volume of the carbon present in the limited reservoir is precipitated then the 
S 
13C values will still be normally distributed around a mode close to -9 Oloo. When 
large amounts of carbon are precipitated from limited reservoirs the 8 
13C values 
become positively skewed because the reservoir becomes more 
13C enriched as 
carbon is precipitated. 
For reaction 2, which is a C114 oxidation reaction, the initial fractionation 
factors are close to OCI14-c (to -1) and S 
13C 
values of precipitating carbon will 
be close to -4. The mode of the S 
13C values will also be close to -4 0/00. If there 
is a large amount of carbon precipitated from a limited reservoir then the reservoir 
becomes depleted in 13C and the 8 13C values become skewed towards lighter 
values. 
If there is open system behaviour (Cole & Olimoto, 1986), so that 
effectively the reservoir is infinite in extent, then the diamond carbon isotopic 
compositions for both cases outlined will show a normal distribution. 
The distribution of 8 13C values for Bultfontein peridotite paragenesis 
diamonds shows that there is a mode close to -5 0/0o and the values are skewed 
towards heavier compositions. There are three possible explanations for this. The 
first is that diamond was precipitated from separate reservoirs, each of which had 
its own isotopic composition that was normally distributed about a mode. For this 
to occur each reservoir needs to be infinite in size, and this is unlikely in view of 
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the total carbon in the mantle. The second possibility is that diamond was 
precipitated by CO2 reduction. As outlined earlier, in this situation the 
fractionation factors would be close to 4 and in order to produce a mode of S 
13C 
values close to -5 0/0o the CO2 -bearing vapour would have aS 
13C 
value of -1 
0/00. 
The third possibility is that the carbon was precipitated by CH4 oxidation 
and that the fractionation of carbon isotopes changed continually with changing 
redox conditions. For diamond precipitation by such a continually re-equilibrating 
vapour there are two possible cases. For CO2 reduction the initial fractionation 
factors being close to 4 require that the first diamonds precipitated from a mean 
carbon vapour of -5 to have a value close to -9 0/00. With continued precipitation, 
and therefore change in oxygen fugacity the fractionation factors decrease and 
diamonds with aS 
13C close to -5 will be formed. In this case the distribution of 
S 13C would have a mode close to the mean of the vapour (-50I'oo), data would be 
skewed to lighter values. If the precipitation is by Clio oxidation then the 
skewness will be towards heavier values, with a mode at -50loo. The effects due to 
CI14 oxidation cannot explain the magnitude of the skewness seen in Bultfontein 
diamonds. 
The third possibility with carbon precipiated by Clio oxidation is favoured 
above the other two alternatives for the following reasons. Because the isotopic 
compositions of peridotite paragenesis diamonds from Bultfontein, Roberts 
Victor and Premier all suggest a single origin with a mean composition close to -5 
°/oo a series of infinite reservoirs of different compositions is therefore unlikely. 
The precipitation of carbon by CO2 reduction is also unlikely because any CO2 
present in the mantle may occur as carbonate (C032-) in carbonatite melts (Green 
& Wallace, 1986), rather than CO2 vapour. In addition to produce the 
distributions seen at Bultfontein by CO2 reduction reactions the mean 8 13C for 
the mantle must have a value close to zero which contradicts the evidence from 
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In spite of this lack of correlation between the predicted carbon isotopic 
compositions and the observed data, CI-I4 oxidation is probably the best way of 
explaining the S 
13C values of Bultfontein diamonds. It is possible that the large 
skewness results from ACII4_c values that are greater than predicted. 
At other dominantly peridotitic mines such as Rinsch, the distribution of 
carbon isotopes is also skewed towards heavier isotope values and again implies 
precipitation of carbon by a continually equilibrating diamond precipitated by 
C114 oxidation. Although the source reservoir at Pinsch is isotopically distinct 
from that at Bultfontein the reservoir at Finsch may have undergone some initial 
fractionation leaving a residue of slightly different isotopic composition. 
At Roberts Victor mine the distribution of carbon isotopes in peridotite 
paragenesis diamonds is normal and this implies carbon precipitation from an 
infinite reservoir with no fractionation effects or during the initial stages of 
precipitation during C114 oxidation reactions (Ov_c -0 to 1). 
Sulphide and eclogite suite diamonds fron Bultfontein'have a normal 
distribution of S 13C values about -5.25 °/oo, which also favours equilibrium 
precipitation of carbon but this time frone an infinite mantle reservoir or by CI14 
oxidation such as was shown in reaction 3 from a reservoir in which a small 
amount of carbon was precipitated. The nickel content of the sulphide inclusions 
suggests that the sulphides have a peridotite origin, even though the nitrogen and 
carbon isotope data suggests a separate origin for peridotite suite diamonds and 
sulphide-bearing diamonds. At Premier, the 8 13C values for eclogite paragenesis 
diamonds are skewed towards lighter isotopic compositions and at this mine it is 
concluded that some diamond precipitation was by C114 oxidation. Alternatively 
with continued equilibrium it is possible that some of the diamond was 
precipitated by CO2 reduction. The interaction of CO2 with sulphide could 
precipitate diamond through the following reaction (Ilaggerty, 1986): 
2FeS+CO2=2reO+S2+C 
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Ilaggerty (1986) has suggested that eclogite- and sulphide-bearing diamonds may 
form under different redox conditions than peridotite-bearing diamonds. 
4.4 Studies on larger diamonds. 
Inclusion-bearing diamonds only represent a small fraction of the total 
diamond population at any locality. From the data for inclusion-bearing diamonds 
shown above it is apparent that there are changes in the nitrogen and carbon 
characteristics which can be related to diamond growth. It is important to note 
that the large diamonds do not contain any diagnostic inclusions and so the 
nitrogen and carbon data cannot be compared with the earlier work. Studies of 
larger diamonds have been made to determine how the environment of diamond 
formation changed during diamond growth and also to investigate the relationship 
between inclusion-bearing diamonds and the total diamond production. Up to 
now, equilibrium crystallisation with isotopic equilibrium has ben considered. 
Studies of the larger diamonds will show that there is a clear disequilibrium 
growth for many diamonds. 
30 diamonds ranging in size from -9 +7 to -21 + 19 (weight range 0.10 to 
1.55 m. c. ) were polished parallel to the (001) direction for cathodoluniinescence 
study and of these 11 were made into thin polished plates to enable detailed infra 
red studies. 
4.4.1 Calhodoluminescencc Patterns. 
Cathodoluminescence is the luminescence emitted within a short time of 
the diamond being excited by a stream of electrons. In diamond the 
cathodoluminescence can result from crystal defects, sucli as nitrogen impurities, 
or radiation damage centres. 
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Cathodoluminescence shows the growth history of diamond through 
minor changes in colour and intensity of luminescence and changes in 
crystallographic orientation of growth increments (see figure 4.9 for example). 
Most natural diamonds luminesce blue. Different colours of luminescence 
result fron the presence of defects. The nitrogen aggregation centre N3 (a 
triangular arrangement of three nitrogens) has a cathodoluminescence band at 
2.985eV with an accompanying zero phonon line at 415nun (blue). Platelet defects 
and radiation damage centres are a cause of green luminescence. Zones of non 
luminescence are believed to indicate an absence of nitrogen. 
The blue luminescence of diamond is attributed to the spacing of acceptor 
and donor centres in diamond (Davies, 1979). Boron is the only recognised 
acceptor in diamond and in Type Ill) diamond concentrations (3Oppm) allow P- 
type semiconductor behaviour. In Type la diamond the acceptor-donor pair acts 
as an N-type semiconductor, although with high activation energies (Collins & 
Lightowlers, 1979). I 
'I'lse spacing of acceptor and donor pairs strongly affects the 
catlºodoluminescence behaviour of the diamond and is related to thermal 
equilibrium. Where growth is rapid, donor-acceptor separation is large and 
luminescence has phonons of low energy (wavelengths close to the green and red 
end of the optical spectrum). During equilibrium growth, the spacing of the pairs 
is closer and the luminescence is of a higher energy (i. e. blue wavelengths). The 
relatively rapid growth of synthetic diamonds for example is probably the 
principle cause of their green luminescence. 
Individual growth bands within diamonds record a crystal stratigraphy. 
There are two principle growth forms in most diamonds. The (11 l faces result 
from faceted octahedral growth and are termed normal growth (Lung, 1979). 
"Cuboid" or (100) surfaces are non faceted, with a hummocky appearance. These 
surfaces may result from the dissolution of diamonds along cube (IUýl) directions 




Cathodoluminescence Image of Diamond 1063.1. 
This diamond shows a central zone of green luminescence and cuboid growth. The 
surfaces of the central zone are hummocky and are bounded by zones of non 
luminescence. The rim of the diamond shows octahedral growth and blue 
luminescence. The diamond is 4mm across. 
Fig. 4.10. 
Cathodoluminescence linage of diamond 1064.5. 
The core of this diamond luminesces green, but shows octahedral growth. Ihe blue 
luminescing rim of the diamond shows a crucifonn growth pattern which results fron 
etching along (100) directions. this diamond is 3.2mm across. 
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Fig. 4.1 1. 
Cathoduluminescencc Image of Diamund 1063.2. 
This diamond shows faceted octahedral growth and blue-green luminescence. One 
part of the diamond is etched along (100) and shows further growth in the form of 
hummocky cuboid surfaces with blue luminescence. A zone of non luminescence 
separates the two growth phases. The diamond is 3mm across. 
Fig. 4.12. 
Cathodoluminescence Pattern of Diamond 1061.2. 
There are three phases of growth in this diamond each phase shows cuhoid growth 
and blue luminescence. Each growth zone is separated by a zone of non 




Cathodoluminescence of Diamond 1063.9. 
This diamond, which is 3.2mm across, is dominated by octahedral growth and shows 
green luminescence. The diamond core luminesces blue. Cuboid etching is followed 
by overgrowths which have a deep blue luminescence. 
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that individual growth increments do not completely cover the previous diamond 
surfaces and, as a result, a rounded surface is fonned. Where the diamond has 
been dissolved, the previous growth increments are usually truncated. 
The cathodoluminescence patterns of the large diamonds from Bultfontein 
showed that 20 out of the 30 diamonds had octahedral growth and dominantly 
blue luminescence. Individual diamonds showed variation in colour from a blue 
to green and in the intensity of luminescence. The width of growth increments 
varied from 5 to 50µm. 
The remaining 10 diamonds showed a more complicated luminescence 
pattern, with distinct cuboid zones. A noticeable change in the colour of 
luminescence occurs across some diamonds, giving rise to green cores and blue 
rims as shown in figures 4.9 and 4.10. Also different sets of growth zones are 
often separated by zones of non luminescence and examples of these are seen in 
figures 4.11 and 4.12. In one case (see figure 4.13) the luminescence is reversed, 
the outer growth is green and the octahedral sectors in the core deposited on 
cuboid surfaces are blue. 
The dissolution of diamond which occurs in cuboid cores may be in 
response to minor fluctuations in redox conditions which cause oxidation or 
reduction of carbon. Because only 10 out of 30 diamonds showed cuboid cores 
this may imply that most diamond growth occurred in a stable redox environment. 
A limited study of the cathodoluminescence of inclusion-bearing diamonds also 
shows sector growth and variations of colour and intensity similar to the larger 
diamonds. Although the inclusion-bearing diamonds are smaller than the 
diamonds used for cathodoluminescence the growth patterns are similar 
especially in respect of the cuboid cores. This similarity would suggest that, 
although no paragenesis could be assigned to the large diamonds, they are 
probably peridotitic and also grew under conditions of fluctuating oxygen 
fugacity. 
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Those diamonds with cuboid growth may be evidence of an earlier but 
distinct growth environment in which different temperature and redox conditions 
gave rise to cuboid growth. Subsequently octahedral growth became important. 
On this basis one might speculate, if there was a time gap between cuboid and 
octahedral growth, that the octahedral diamonds formed later than those with 
cuboid cores. 
For the 30 diamonds studied for cathodoluminescence individual 
luminescence wavebands as seen in the cathodoluminescence of the (100) 
surfaces were not determined. In consequence no data are available about the 
impurities which cause the luminescence pattern in each diamond. 
4.4.2 Nitrogen Characteristics. 
Infra red traverses across thin diamond plates of 11 out of the 30 diamonds 
were used to determine the nitrogen aggregation state. All the diamonds studied 
were Type la but there was a variation in the amounts of IaA, laß and platelet 
nitrogen. 
The nitrogen concentrations (up to 3000ppm) and A/ß ratios were higher 
than those measured in inclusion-bearing diamonds and varied across the 
clialnond plates. 'Ehe changes in nitrogen are not regular and do not vary 
systematically with cathodoluminescence pattern. However the IaB content is 
always greater at the centre of the diamond. Figure 4.14 shows the variation in 
nitrogen concentration and the state of aggregation (as defined by the ratio A/13) 
across the diamond shown in figure 4.10. The correlation coefficient of the A/13 
ratio for this diamond has a value of 0.72 (a value of 1.0 would be expected if 
there was a perfect correlation). Although the concentration of nitrogen at the 
core of the diamond is apparently high the correlation coefficient for this diamond 
is 0.16, indicating poor correlation. 'the A/B ratio shows an increase towards the 
rim of the diaunond, where most nitrogen is aggregated in the IaA aggregate. 
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Nilrogen Characteristics in Diamund 1064.5. 
The nitrogen concentration of this diamond is shown to be constant by a least 
squares fit. 'I'lie A/B ratio shows an increase towards the rini of the diýunond. 
This correlates with a high IaA content in the blue luminescent zone. The 
length of traverse is 2000µm. 
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Fig 4.15. 
Nitrogen Characteristics of Diamond 1061.2. 
The nitrogen concentration in this diamond is shown by a least squares fit to 
be highest at the diamond core. A low value of nitrogen occurs in a zone of 
non luminescence. The least squares fit to the A/t3 ratio shows a constant 
value with a slight decrease in the diamond core, indicating more Iaß. The 
length of traverse is 2300 [tin. 
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Figure 4.15 is a traverse of the diamond shown in figure 4.12 the 
correlation coefficient for the A/ß ratio for this diamond is 0.99 indicating a close 
correlation of A/ß ratio with distance across a diamond. The correlation 
coefficeint for the total nitrogen content with distance is 0.59 and shows that there 
a variation in the A/ß ratio and also in the absolute nitrogen concentration. The 
nitrogen concentration is lowest in a zone of non luminescence. 
Calculations from Evans and Qi show that for the diamond in figure 4.14 
at 1000°C a period of 3.6 x 1012 years would be required to aggregate the 
nitrogen at the core with a A/B ratio of 20, while at the edge of the diamond the 
period is 8.3 x 1011 years. At 1200°C these differences are 2.9 x 108 and 6.8 x 
lo7 years respectively and implies a period of diamond growth of at least 200ma. 
4.4.3 Carbon isotope variation or a Single Diamond. 
Carbon isotope differences between the cores and opaque coats of 
diamond have been reported by Swart et al. (1983) and Boyd et a!. (1987). 
Differences in the S 13C values across Type 11 diamonds have been detennined 
by Milledge et al., (1983) and differences in S 13C in different growth sectors in 
synthetic stones are also known (Milledge et al., 1987). 
lt has been argued in section 4.3 that the carbon isotope data for the 
Buttfontein inclusion-bearing diamonds were derived from a limited carbon 
reservoir, with carbon isotope fractionation processes controlling the S 13C 
values. A study of the carbon isotope variation across a single diamond crystal 
might allow this hypothesis to be further assessed. 
The cathodoluminescence of the diamond studied shows a cyclic pattern 
of several blue zones of cuboid growth overlain by octahedral zones of green 
luminescence, as can be seen from figure 4.16. The diamond was 4.0 x 3.5mm in 
size and a (100) section was polished to produce a thin plate of 4.0 x 2.5mm. 
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Unfortunately this diamond contained no diagnostic inclusions, so there is a 
possibility that the stone is eclogitic. 
The 12C/13C ratio was determined by ion microprobe using a Cs+ ion 
source, outlined in Chapter 2. Precision of each analysis was lß 0.5 °/oo and 
results are believed to be accurate to within 1 Oloo. The isotope ratio at each point 
was detennined by 100 measurements at the 
13C and 12C peaks counting for 5 




To standardise the ion probe measurements, a homogeneous synthetic 
diamond was used (6.0 x 3. Unun). 52 measurements were taken and a piece of this 
diamond was analysed using the conventional method for isotope analysis (see 
Chapter 2). 'Ihe isotope ratios for the Bultfontein diamond were then expressed as 
S values relative to I'DI3, shown in Table 4.6. 
Carbon isotope values range from 8 13C of -5.7 to -10.9 O/oo vs P1)B. This 
range is greater than any analytical error and furthermore the variation in carbon 
isotope composition corresponds with cathodoluininescence zones shown in 
figures 4.16 and 4.17. At the centre of the diamond values are initially -6.5 o/uo 
and there is then a gradual decrease with each luminescence zone until a 
minimum value is reached, close to -10 0/oo. There is then an abrupt change to 
values between -6 to -7 0/oo on the rim of the diamond. 
To explain these variations in terms of fluctuating oxygen fugacity solely 
using the C114 oxidation model from a limited reservoir is difficult. Changes in 
isotope ratio of the order of -4 to -5 0/0o correspond to a fractionation factor of 4, 
assuming an initial upper mantle vapour composition of -5 o/oo. From figure 4.8 
an increase in the oxygen fugacity of 1 to 2 log units will change the fractionation 
factor from 0 to 4 and will cause a -4 °Ioo depletion of the precipitated diamond. 
The range of values from the single diamond that was studied suggests that 
precipitation of carbon from a limited reservoir of 8 13C = -5 olov was followed 
by diamond precipitation by increasing oxygen fugacity 
Cstnodoluminescence Zones for Diamond 1064 2 
136 
Fig. 4.16. 
CalhodultiminCSccnce Pattern fier Diamond 1064.2. 
This diamond is unique in that it shows cyclic growth. there are four zones of 
blue luminescence which show hummocky cuboid growth. each growth phase 
is separated by a zone of octahedral growth which luminesces bright green. 
The diamond is a thin plate 4.0mm x 2.5mm in size. 
Fig. 4.17. 
Sites I'ur ion Microprobe Analysis. 
The luminescence zones of the diamond 1064.2 are shown diagrammatically. 




Analysis 813 CSTD 813 CPDB 2ß Xst 1 
1 18.76 -6.45 0.16 0.2 
2 16.89 -8.32 0.16 1.0 
3 17.00 -8.21 0.18 0.8 
4 16.34 -8.87 0.20 0.5 
5 19.42 -5.79 0.18 0.9 
6 15.03 -10.17 0.18 0.5 
7 15.69 -9.03 0.18 0.5 
8 14.49 -10.72 0.18 0.5 
9 18.87 -6.34 0.24 0.1 
10 18.54 -7.28 0.40 0.7 
11 18.91 -6.29 0.80 0.8 
12 19.02 -6.19 0.20 0.1 
13 18.36 -6.84 0.12 0.7 
14 17.16 -8.05 0.20 0.1 
15 16.17 -9.04 0.20 0.3 
16 18.03 -7.18 0.18 0.3 
17 18.14 -7.08 0.22 0.3 
18 15.74 -9.47 0.22 0.7 
19 16.28 -8.93 0.20 0.4 
20 14.86 -10.35 0.14 0.4 
22 14.31 -10.87 0.12 0.6 
23 14.75 -10.46 0.12 0.7 
24 14.86 -10.35 0.14 0.4 
E 
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involving CO2 thereby producing S 
13C values of -10 0/00. Although the isotope 
variations favour a change in A from AC114-c to AC02-c during diamond growth 
it has been argued that C02 will not be present in the mantle as a free vapour 
phase because CO2 may react to produce carbonates could in a solid or molten 
fonn. Also the fractionation effects between carbon and carbonate are probably 
small. However if the carbonate coexists with free CO2 (i. e CO2 was in excess) 
the fractionation effects attributed to CO2 reduction reactions could take place. 
During the final stages of diamond growth the 8 
13C values become -6 0/00, 
corresponding to a return to diamond precipitation by CI I4 reduction. 
4.5 Growth conditions 0i' Bullfontein diamonds. 
The following conclusions are drawn fron the nitrogen and carbon 
characteristics of the Bultfontein diamonds. 
1. The nitrogen aggregation state of the Bultfontein diamonds changes with 
inclusion type. Two groupings of nitrogen characteristics are seen, one group of 
diamonds which contains olivine, orthopyroxene and peridotite paragenesis 
garnets has a relatively high laB and platelet content. The other group also 
contains olivine, orthopyroxene and garnet bearing diamonds. In addition 
chromite-bearing diamonds and diamonds which contain peridotite paragenesis 
clinopyroxene occur in the second group. The rate of nitrogen aggregation 
depends on the temperature and the initial concentration of nitrogen. Diamonds 
with a high IaA and low platelet content have the highest nitrogen concentrations. 
The diamonds with the high 1aß and platelet contents have the lowest nitrogen 
concentrations. The two groups of diamonds may have formed in a separate 
environments with different nitrogen contents. 
2. Studies of the nitrogen variation across large diamonds show that the lall 
content at the cores is greater than on the rints. The higher 1aß content at the 
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centre of the dianond is interpreted as indicating a long period of diamond 
growth for diamonds which have a fixed nitrogen content. 
3. Carbon isotope studies show a mean 8 13C value of -4.66 o/oo. The I3ultfontein 
diamonds are skewed towards heavier isotopic compositions. The 8 13C values of 
each inclusion type vary such that olivine, orthopyroxene and chromite-bearing 
diamonds are all skewed towards heavier compositions. Chromite-bearing 
diamonds are the most 13C enriched. Sulphide and eclogite suite diamonds have 
S 13C values of normal distribution. The S 13C data are interpreted as the results 
of isotope fractionations resulting from carbon precipitation from a C-0-11 vapour 
with continued equilibrium of diamond and vapour. The skewness of peridotite 
suite diamonds towards heavier isotopic values results from the precipitation of 
carbon by CH4 oxidation reactions. The eclogite and sulphide bearing diamonds 
are probably derived from the precipitation of a small volume of carbon from 
either a single limited reservoir or precipitation of a large volume, of carbon from 
an infinite reservoir. 
4. A single diamond crystal shows a maximum variation of S 13C across 
individual growth zones of 4 °/oo. The S 13C values correspond to fractionation 
effects that would be expected from an increase of oxygen fugacity of I to 2 log 
f02 units which would change the carbon bearing species present from CI14 to 
CO2. The diamond initially precipitated by CI14 oxidation and then by CO2 
reduction as the oxygen fugacity increased. Because CO2 is likely to form a 
carbonate in the mantle rather than exist as a free vapour phase this type of 
reaction may only occur if CO2 was in excess after reaction to produce carbonate. 
5. Cathodoluminescence patterns of larger diamonds show that most of the 
diamond growth was octahedral. Some of the diamonds had cuboid cores and may 
have grown under conditions of fluctuating oxygen fugacity. Inclusion bearing 
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(1iainonds also show complicated cathodolurninescence patterns that include 
cuboid surfaces. Nitrogen aggregation (laß) and platelet contents of inclusion- 
bearing diamonds and the cuboid cores of the larger diamonds are similar. These 
results suggest that those diamonds with cuboid cores grew first and were then 
followed by a more dominant octahedral growth, these changes may have 




origin of ISultfonicin diamonds. 
5.1 Iii roduction. 
In Chapters 3 and 4 the diamonds from Bultfontein were shown to have 
characteristics that distinguish them from other mines in the Kaapvaal Craton. 
This information will be used to place some constraints on diamond formation. 
The principle distinctive features of Bultfontein are: A dominantly peridotite 
inclusion suite in which chrornites are more abundant than sulphides; The 
equilibrium temperatures suggest a formation of diamond below 1000°C; The 
nitrogen aggregation characteristics of the inclusion-bearing diamonds show a 
dominance of Type laA nitrogen; The 8 
13C values for Buitfontein diamonds are 
skewed towards heavy values and these are interpreted as having precipitated by 
C114 oxidation reactions under conditions of fluctuating oxygen fugacity. 
In addition the cathodoluininescence and detailed infra red /studies of the 
Bultfontein dimnonds show that diamond growth may have occurred over a long 
period of time. Cuboid cores and inclusion-bearing diamonds may have grown 
first under conditions of fluctuating redox conditions. Octahedral diamonds grew 
later in a more stable redox environment. The S 13C study of a single diamond 
crystal shows a variation in 8 
13C value across a diamond consistent with carbon 
precipitation from a C-O-11 vapour. 
5.2 Regional Inclusion Abundances. 
Table 5.1 shows the inclusion abundances for six localities on the 
Kaapvaal Craton (data from Harris and Gurney, unpubl. ). All of the localities 
show inclusions of both eclogite and peridotite paragenesis, although the relative 
abundance of each varies. Orapa and Premier show a high abundance of eclogite 
suite inclusions. The position of each locality on the craton is also shown in Table 









Inclusion Abundances for the Kaapvaal Craton. 
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Data From Harris & Gurney (unpubl. 1989) 
1 Finsch 2 Koffefontein 
3 Premier 4 Orapa 
5 Bultfontein 6 Monastery 
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whereas Premier and I3ultfontein are central (C). As can be seen from Table 5.1 
the inclusion abundances do not vary systematically with position on the craton. 
The distinctive features of the Bultfontein diamonds reflect the conditions 
of pressure, temperature and redox conditions of formation. Boyd and Gurney 
(1982) suggest that diamonds forni in thickened parts of cratons where the 
temperatures of formation are sufficiently low to enable diamond to be stable. In 
such a "keel" the diamond stability curve will be domed upwards. Where the keel 
is thickest and the geothermal gradient is lowest, diamonds can form between 
depths equivalent to 120 and 180km. Towards the edges of the cratons, where the 
geothermal gradients are higher, diamond is stable at increasingly greater depths. 
The Bultfontein diamonds have low temperatures of origin consistent with an 
origin in the thickest part of the craton. However, the regional inclusion 
abundances do not reflect a depth of origin, although the occurrence of high 
pressure phases in mines such as Monastery and Jabersfontein supports a deep 
origin for diamonds on the edges of the craton. 
5.3 Ccochriiiistry of 1'cridolile Suite Diamonds. 
The composition of peridotite suite diamonds and their relationship to 
mantle composition will first be discussed with particular reference to Bultfontein. 
Peridotite suite inclusions are very refractory because of their high chrome and 
magnesium contents. The mineralogy consists of olivine, orthopyroxene, sub 
calcic chrome-rich garnet and chromite. Clinopyroxene is rare. At Bultfontein the 
abundance of chromites is anomalously high. 
The composition of peridotite suite garnet inclusions is similar to sub- 
calcic garnets frone heavy mineral concentrates from kimberlites. Gurney (1984) 
has suggested that these two sets of minerals have the same origin, namely they 
are derived fron a harzburgite layer that exists at the base of cratons (see also 
Boyd and Gurney, 1982). Subsequently Danchin and Boyd (1976), Dawson et al. 
(1978) and Nixon et al. (1987) suggest that such a harzburgite layer may result 
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whereas Premier and Bultfontein are central (C). As can be seen from Table 5.1 
the inclusion abundances do not vary systematically with position on the craton. 
The distinctive features of the Buitfontein diamonds reflect the conditions 
of pressure, temperature and redox conditions of formation. Boyd and Gurney 
(1982) suggest that diamonds form in thickened pacts of cratons where the 
temperatures of formation are sufficiently low to enable diamond to be stable. In 
such a "keel" the diamond stability curve will be domed upwards. Where the keel 
is thickest and the geothermal gradient is lowest, diamonds can forni between 
depths equivalent to 120 and 180km. Towards the edges of the cratons, where the 
geothermal gradients are higher, diamond is stable at increasingly greater depths. 
The Bultfontein diamonds have low temperatures of origin consistent with all 
origin in the thickest part of the craton. However, the regional inclusion 
abundances do not reflect a depth of origin, although the occurrence of high 
pressure phases in mines such as Monastery and Jagersfontein supports a deep 
origin for diamonds on the edges of the craton. 
5.3 The Geochemistry or Peridotile Suite Diamonds. 
The composition of peridotite suite diamonds and their relationship to 
mantle composition will first be discussed with particular reference to Bultfontein. 
Peridotite suite inclusions are very refractory because of their high chrome and 
magnesium contents. The mineralogy consists of olivine, orthopyroxene, sub 
calcic chrome-rich garnet and chromite. Clinopyroxene is rare. At Bultfontein the 
abundance of chromites is anomalously high. 
The composition of peridotite suite garnet inclusions is similar to suh- 
calcic garnets from heavy mineral concentrates from kimberlites. Gurney (1984) 
has suggested that these two sets of minerals have the same origin, namely they 
are derived from a liarzburgite layer that exists at the base of cratons (see also 
Boyd and Gurney, 1982). Subsequently Danchin and Boyd (1976), Dawson et al. 
(1978) and Nixon et a!. (1987) suggest that such a harzburgite layer may result 
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from konmatiite volcanism. Harzburgite nodules which consist of olivine, 
orthopyroxene and garnet, all of which have similar compositions to diamond 
inclusions, have been recorded at Premier, Liquabong (Lesotho) and, more 
recently at Jagersfontein. I7he inclusions at Bultfontein are consistent with an 
origin in a Itarzburgite layer that results from koinatiite volcanism. Alternative 
suggestions for harzburgites of high magnesium and low calcium contents include 
an origin as serpentinised ocean crust (Schulze, 1984) and an origin as a cumulate 
in subducted crust (Ringwood, 1977). The high magnesium content of olivines and 
orthopyroxenes is related to a komatiite origin in both these cases. 
The high abundance of chromite inclusions at Bultfontein is anomalous. 
The oxygen fugacity controls the amount of divalent (Cr2+) and trivalent (Cr3+) 
chrome available. The abundance of chromite at Bultfontein would imply a 
relatively high oxygen fugacity, since chromite consists of 2/3 trivalent chrome. 
For low oxygen fugacities divalent chrome would enter olivine and/or 
orthopyroxene. At Bultfontein, however, the amount of Cr2+ in olivines is similar 
to other mines on the Kaapvaal Craton, with the exception of Finsch mine where 
there is no detectable Cr2+ in olivines and the abundance of cliromites is less than 
at Bultfontein. If the f02 conditions at Finsch were high chromite abundance 
(Cr3+) would be greater. 
Apart from chromites the major chrome bearing phase in Bulifontein 
di, unoncls is garnet, where chrome enters the garnet as knorringite. 
As shown by Danckwerth and Newton (1978) in alumina spinels there is a 
univariant reaction which produces garnet and olivine: 
MgA12O4 + 2Mb2Si20b = Mg2SiO4 + Mb1A12Si3O12 
Spinel + Orthopyroxene = Olivine + Pyrope 
This spinel to garnet transition has a shallow SP/ ST slope and is therefore 
a useful indicator of the pressure of origin for xenoliths. The spinel to garnet 
transition is believed to be between 80 and 50km depth, for temperatures of 
1000°C. 
50 
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Fig. 5.1. 
Solidi for Carbonated Peridolite. 
The effect of CO2 on simple peridotite systems is shown. The phases present 
are forsterite (Fo), enstatite (Opx), diopside (Cpx) and quartz (Qz). C02 can 
exsit as a vapour (V) or as carbonate. The carbonate is present as either 
dolomite (Cd) or magnesite (Cm). Also shown is the spinel-garnet transition 
of Danckwerth and Newton. In the first case (A), excess CO2 causes 
carbonation of the mantle minerals at high pressure. Where there is 
insufficient CO2 to cause complete carbonation of the mantle (B), carbonate 
exists with olivine and orthopyroxene. In both cases the solidus is reduced and 
has a minimum value at an invariant point, 16.16 is the intersection of the 
solidus and the carbonate producing reaction which divides the mantle into a 
low pressure field where free CO2 can exist and a high pressure field where 
carbonate can exist. 
e 
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Danckwerth and Newton (1978) suggest that, assuming ideal solution, 
additional components such as FeO and Cr203 may increase the temperature of 
this transition. For chrome end members, therefore, an analogous reaction might 
be: 
MgCr2O4 + 2Mg2Si2O6 = Mg2SiO4 + Mg3Cr2Si3O12 
Chromite + Orthopyroxene = Olivine + Knorringite 
Such a reaction might explain the high abundance of chromfites at 
Bultfontein. It is also notable that at Bultfontein the colourless inclusions show an 
abundance of orthopyroxene over olivine. The dual abundance of orthopyroxenes 
and chromites might be explained by the low pressure side of the reaction above. 
The gamets (knorringite) and olivines would indicate a higher pressure of origin, 
which in turn indicate that the Bultfontein diamonds may be derived from a range 
of depths of formation within the lithosphere. 
flare et al. (1980) in their study of peridotite suite inclusions explained 
the sub-calcic nature of the peridotite suite garnets in terms Qf C02-H20 
interactions with the mantle resulting from carbonation reactions. Wyllie (1977 
and 1987), Wyllie and Huang (1975) and Eggler et al. (1976) have experimentally 
studied the processes of carbonation of the mantle by C-O-11 vapour. They 
concluded that in model mantle systems excess CO2 will form carbonate in the 
mantle at high pressure, and at low pressure free vapour CO2 can exist with 
mantle minerals. These relationships are shown in figure 5.1a and 5.1b. The two 
fields of carbonate and free CO2 are separated by the reaction: 
Fo + Cpx + C02(V) = Opx + Cdss 
This reaction (see figure 5.1a) intersects the solidus at an invariant point, 
termed 16. If there is less than 0.5wt. % C02 present then the mantle is only 
partially carbonated and at high pressures the assemblage is that shown in figure 
5.1 b, and is: 
Cpx + 01 + Opx + Cdss 
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The phase relationships show that with the addition of H2O to the system 
the peridotite solidus is lowered. As a consequence the solidi may intersect 
geothermal gradients and melting of the mantle may occur. The lowest 
temperatures of melting occur when XH2O is close to unity. Melting of the 
mantle and diamond might therefore be expected if H2O bearing fluids are 
introduced into the mantle, with only a small amount of CO2 present. 
In the Harte et al. (1984) model melts that are produced would have a 
kimberlite composition. These authors point out however that the kimberlite melt 
which caused diamond formation is not necessarily the one which transported the 
diamonds to the surface, a conclusion borne out by the subsequent demonstration 
of the ages of diamond by Richardson et al. (1984). 
Most models of mantle melting assume an initial lherzolite composition. 
Peridotite paragenesis inclusions are more Mg and Cr rich than the equivalent 
minerals in lherzolite and these minerals are of harzburgite composition. 
Harzburgite residues can be produced by the partial melting , of lherzolite. 
McKenzie (1984,1985 & 1987) points out that at mantle pressures the first 
formed melts will be mobile and that as soon as the degree of melting is high 
enough to produce interconnecting frameworks the melt (and any dissolved 
volatiles) will disappear. The harzburgite compositions of diamond inclusions 
could not, therefore, have been produced by a single melt of harzburgite. 
Subsequent melts would, however, produce a residue that becomes progressively 
more Mg and Cr enriched. 
Sulphide inclusions are rare at Bultfontein, but the nickel contents show 
them to be of peridotite paragenesis. In Table 5.1 it can be seen that sulphides are 
more abundant at other peridotite dominant mines and that at these mines the 
temperatures of diamonds formation are higher. The abundance of sulphides is 
seen to increase such that at mines which show a high temperature of formation 
the sulphides are more abundant. This may relate to depth of origin, such that low 
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temperature low pressure environments have little sulphur or low sulphur/high 
oxygen fugacities that prevent sulphide formation. 
5.4 Ccochemnistry of Eclogite Suite Inclusions. 
Eclogite and sulphide suite inclusions have a low abundance at 
Bultfontein. Eclogite can be produced from garnet lherzolites (mantle 
compositions) by partial melts (e. g. O'Hara, 1967) and eclogite paragenesis 
diamonds may therefore originate as direct melts from undepleted mantle (Hatton 
and Gurney, 1987). An alternative explanation is that the eclogites represent 
subducted oceanic crust (e. g MacGregor, 1983). Jaques et at. (1989) for example 
have suggested that light 8 
13C values of eclogite suite diamonds represent 
organic carbon subducted with oceanic crust. The S 
13C 
values at Bultfontein are 
similar to the isotopic compositions of peridotite suite diamonds and it is 
concluded that the eclogite suite diamonds at Bultfontein have a mantle origin, 
although nitrogen data suggests that the origin was separate to peridotite suite 
diamonds. 
The nitrogen aggregation states for these diamonds suggests a low 
temperature of formation or formation later than the peridotite suite diamonds. 
5.5 Oxygen fugacity conditions for Peridolite I'aragenesis Diamonds. 
The carbon isotope data for the Bultfontein diamonds is used to interpret 
the redox conditions of the upper mantle. Since carbon in the mantle can be 
present as elemental carbon, CO2 , 
CII4, CO and C032" the oxygen conditions 
are crucial for determining the carbon bearing gas species present. 
There are two methods of investigating the redox conditions of the mantle. 
Electrochemical methods can be used (Ulmer et al., 1976) where the 
electromotive force (e. m. f. ) generated by a known buffer and the e. m. f. generated 
in the sample of interest are compared using electrolytes Of Z102 or Cr203 
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Gas Species as a Function of 1', 'I' and f02. 
Gas species in the lithosphere and the asthenosphere are shown as a function of f02. 
Diamond is stable over a wide range of f02 between the stable buffers of 1W and 
QFM (see text), H2O is also stable over this range (Haggerty, 1986). 
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example the exchange equilibria in the rocks between Ti and Fe, and Fe2+ and 
Fe3+ which define unique solutions of T°C and f02 (Buddington & Lindsley, 
1964). 
Investigations of f02 are usually depicted in terms of synthetic buffers 
defined by equilibrium reactions. As shown in figure 5.2, the limits of most 
investigations into the upper mantle f02 values are the quartz-fayalite-nmagnetite 
huffer (QPM) representing total ferric to ferrous iron transition, the iron-wustite 
buffer (IW) which represents metal saturation and intermediate between these two 
the magnetite-wustite buffer (MW). 
The studies of Mattioli and Wood (1986) on a group of mantle derived 
nodules show f02 values close to QFM (± 1.5 log10 units) for ilmenite nodules, 
spinel-ilmenite intergrowths and megacrysts. For Cr rich nodules the values of 
f02 are much lower and are near to 1W. Spinel-ihnenite pairs analysed by 
Haggerty and Tompkins (1983) demonstrate a range of values from close to MW 
to QFM. Peridotite nodules from alkali Basalts (Ilaggerty and Tompkins, 1983) 
have more reduced f02 values close to the IW buffer. These relationships can be 
seen in figure 5.2. 
Arculus and Delano (1980) showed by intrinsic measurement of the f02 
values for spinels that some peridotite and niegacryst f02 values are close to the 
1W buffer. In consequence Brett (1984) suggested that the mantle may be in 
equilibrium with the metal saturated core. 
Intrinsic measurements of the f02 of MORB glasses by Christie et al. 
(1984) showed substantially more reduced f02 than the QFM value for MORD 
basalts, which these authors concluded represents oxidation by diffusive loss of 
112 due to proximity of the Earth's surface at ocean ridges. Just how representative 
of the mantle f02 the values for MORD basalts are is therefore doubtful. 
The general range of oxygen fugacity values suggest that there may be a 
layering within the upper mantle in terms of redox conditions in addition to 
compositional layering. Haggerty and Tompkins (1983) suggest that depleted 
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The general range of oxygen fugacity values suggest that there may be a 
layering within the upper mantle in terms of redox conditions in addition to 
compositional layering. Haggerty and Tompkins (1983) suggest that depleted 
lithosphere is also reduced as a consequence of mantle degassing that 
accompanies the removal of basaltic components. These values of f02 are 
probably close to IW, consistent with the analyses of Cr rich nodules by Mattioli 
and Wood. Because the asthenosphere is considered to be "fertile", that is not 
depleted in basaltic components, Haggerty and Tompkins suggest that it is 
oxidised and has an f02 value close to QFM. The geochemical layering of the 
upper mantle probably varies laterally and the thickness of depleted reduced 
lithosphere ranges from a minimum at spreading centres to a maximum thickness 
beneath cratons (Haggerty and Tompkins, 1983). 
Diamond is stable over a range of oxygen fugacity conditions (Ilaggerty, 
1986) and can be precipitated either from CO2 reduction or Cl14 oxidation, as 
shown in figure 5.2. In reduced areas of the mantle where C114 is. the dominant 
carbon bearing phase a minor f02 increase could cause carbon precipitation by 
reactions 2 and 4 in chapter 4 (page 113). Where oxygen fugacity is higher and 
CO2 is the main carbon bearing phase carbon precipitation is by CO2 reduction 
(reactions 1 and 3, page 113). However free CO2 will react with mantle minerals 
to form carbonates and CO2 reduction reactions are unlikely to be important in 
diamond precipitation. Precipitation of carbon in both cases is by a change in 
redox conditions. Diamond formation can therefore occur where there is an 
interface between zones of contrasting oxygen fugacity, for example between 
oxidising fluids and reduced harzburgite. 
Taylor and Green (1988) have determined the effect of C-O-H volatiles on 
the melting behaviour of pyrolite. Above continental geotherms and at low f02 
melting will only occur if methane is eliminated from the volatile species by f02 
increase since C114 bearing fluids have high solidi. Shi et al. (in prep) and Saxene 
and Fei (1988) have shown that through an 
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Model for Diamond Growth. 
The diagram shows a thickened cartonic area with a depleted harzburgite layer at the 
base as a remnant of komatiite volcanism. The redox conditions of the layered mantle 
are shown and range from IW (iron wustite), in equilibrium with the core, and MH 
(magnetite haematite) in the crust. In the depleted lithosphere H2O-CH4 is the 
dominant vapour phase, in the more reduced harburgite layer CH4 dominates. The 
asthenosphere is relatively oxidised and migrating fluids from the asthenosphere into 
the depleted areas can cause carbon precipitation by methane oxidation (Haggerty, 
1986). The carbon can be stable as diamond if it is precipitated below the diamond 
stability curve. Where the craton is thickest and the geothermal gradient is lowest, the 
diamond stability curve may be domed upward allowing diamond formation at 
shallower levels. the diamonds from Bultfontein suggest such a formation at shallow 
depths within a harburgite layer by methane oxidation. 
I 
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increase of oxygen fugacity redox melting can occur. Carbon precipitation may 
accompany such f02 changes. 
The Bultfontein diamonds apparently formed by C114 oxidation, this 
would imply an increase in redox conditions. Volatile rich melts have been 
recognised as a potential source of mantle metasomatism (Harte, 1987). In 
addition, metasomatising fluids are a good way Qf introducing C-0-11 volatiles 
into different parts of the mantle. For example introduction of a CO2 and 1120 
rich fluid might promote redox melting and carbon precipitation by CH4 
oxidation. 
5.6 The Formation of Buitfontein Diamonds. 
The Bultfontein diamonds are dominated by peridotite paragenesis 
inclusions. These are magnesium and chrome rich. To explain this chemistry 
many authors have suggested that peridotite suite diamonds originate in a 
harzburgite layer that is a remnant from komatiite volcanism. Such a layer is 
likely to be reduced and will probably have an oxygen fugacity value close to IW. 
As shown in figure 5.3 the geothermal gradients of cratons are low and the 
diamond stability curve will be domed upwards to relatively shallow depths 
within a depleted harzburgite layer. At shallow depths it is possible that chromites 
rather than garnets are stable and the relatively high abundance of chromites at 
Bultfontein may reflect a shallow depth of origin for a large number of diamonds. 
The Bultfontein peridotite suite diamonds also show two separate lines of 
evidence that favour a low temperature of origin, namely low equilibrium 
temperatures for inclusion pairs and of low overall IaB nitrogen content. 
The carbon isotope compositions of Bultfontein peridotite suite diamonds 
suggest that diamond precipitation occurred by continued equilibrium during 
methane oxidation reactions. This implies that redox conditions in the mantle 
were initially reduced and were then progressively oxidised. Such an increase in 
redox conditions could result from the introduction of volatiles into a reduced 
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area. From figure 5.3 it can be seen that the asthenosphere is relatively oxidised 
and asthenospheric volatiles introduced into a depleted harzburgite in the 
lithosphere could precipitate diamond which may contain magnesium and chrome 
rich inclusions. 
If an 1120- rich vapour is introduced into the harzburgite there are three 
effects. Initially this may cause partial carbonation of the mantle and will lower 
the solidi sufficiently to intersect geothermal gradients, thereby causing melting. 
This in tuna decreases the calcium content of garnet and removes any 
clinopyroxene that is present (sub-calcic garnets and a very low abundance of 
clinopyroxenes are observed at Bultfontein. ). The third effect is that the redox 
state of the mantle is altered and carbon precipitated. 
The cathodoluminescence pattern of Bultfontein diamonds shows evidence 
for cuboid cores which may result from a fluctuation of oxygen fugacity. One 
possible explanation of the S 
13C variation across a single diamond is that redox 
conditions changed to high f02 values to where CO2 is stablq. The S 13C 
variations can only be produced, however, if CO2 is in excess after carbonation 
reactions. An alternative explanation is that isotopically light carbon is introduced 
into the diamond growth area. Both explanations favour the introduction of carbon 
species in volatile rich fluids, either as a vapour or as a carbonate melt. 
lt is concluded that the Bultfontein peridotite paragenesis diamonds 
originated over a range of depths within a reduced, depleted liarzburgite layer 
beneath (lie Archean Kaapvaal Craton. Introduction of C-O-II volatiles caused 
carbon precipitation by CI14 reduction and carbon was precipitated from a limited 
carbon reservoir that became progressively depleted in 12C. 'Hie period of 
diamond growth was extensive and initially this was characterised by variable 
f02. 
Tlie nitrogen and carbon isotope data for the eclogite suite diamonds show 
a low temperature of origin and precipitation of carbon from an infinite reservoir 
with a mode 8 13C close to -5 Oloo. 
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Chapter 6 
Garnet-Rich Inclusions from Sao Luiz Mine. 
6.1 Introduction. 
Diamonds from the Sao Luiz mine were recovered from river gravels 
associated with the Sao Luiz River, which drains via the Aripuena River into the 
Amazon. The deposit is located in north east Mato Grosso, close to Aripuena (see 
figure 6.1). 
The diamonds are concentrated in gravels with a grade of 200-300 carats 
per 100 tonnes. Diamonds also occur in a group of Cretaceous kimberlites of the 
Aripuena Province and Tertiary sediments, all within 20kin of the Sao Luiz River. 
The concentrations of diamonds in the kimberlites and Tertiary sediments are too 
low for economic extraction. Diamonds from all three sources have similar 
characteristics and it is assumed that the diamonds in the Sao Luiz River gravels 
and the Tertiary sediments were derived from the Aripuena Kimberlites. 
Most of the kimberlites in the Aripuena Province occur in a graben 
structure and have kimberlite tuffs and non-volcanic sediments that are typical of 
the crater zone (see chapter 2). These kimberlites have undergone very little 
erosion. To the north of the province kimberlites of the saune age occur which 
show characteristics of the diatreme zone and these have been subject to a greater 
degree of erosion. Near to the more deeply eroded kimberlites is an isolated area 
of Tertiary sediments, the Chapadao Sao Luiz, which is the dissected remnant of 
sediments derived from the kimberlites. In the Chapadao Sao Luiz, diamonds and 
heavy minerals such as ilmenite occur. The present river system has eroded the 
Chapadao to form the river gravels in the Sao Luiz River. 
The Aripuena Kimberlite Province was intruded in to the Guyana-Guapore 
Shield in the Cretaceous (9OMa). As shown in figure 6.1 the Guyana-Guapore 




Tectonic Provinces of the Guyana-Guapore Craton. 
Four belts are defined in the shield region of the Guyana-Guapore Craton, 
shown on the map of Brazil. The Xingu-Mapuera Belt (A1-A2), the Itacuanos- 
Maroni Belt (B1-B2), the Rio Negro-Jupuena Belt (C1-C2) and the Rondonian 
Belt (D). The four belts are believed to continue across the Amazon river 
system but the continuity is obscured by alluvium. The Xingu-Mapuera and 
the Itacuanos-Maroni Belts are believed to be re-mobilised Archean 
greenstones and granite gneisses. The Rio Negro-Jupuena Belt is thought to be 
an island arc terrain that was trapped during the collision of two continental 
areas, the Rondonian Belt (also remobilised Archean) and the Xingu-Mapuera 
Belt. The Aripuena Kimberlite Province, which is the source of the Sao Luiz 
diamonds occurs in the south west of the Rio Negro-Jupuena Belt, and is 
indictated by the symbol SL. 
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'I'lse oldest province is the Xingu-Mapuea Belt which consists of granite gineisses 
and greenstones of Archean origin, although Rb-Sr ages have been reset to 2000- 
1800Ma. The Itacuanas-Maroni Belt occurs to the east and this is a remobilised 
Archean Terrain with a metamorphic age of 2000 to 1800Ma. To the west of the 
Xingu-Mapuena Belt is the Rio Negro-Jureuna Belt which has a metunorpliic age 
of 1450 to 1750Ma. The Rondonian Belt lies to the extreme west of the Shield and 
this comprises granites and greenstones with an age of 1000 to l200Ma and it is 
also believed to he a remobilised Archean terrain. 
The Rio Negro-Jurucna Belt has been tenatively identified as an Island Arc 
Terrain (A. J. Carrington pers. comm. ) accreted during the continent to continent 
collision of the Xingu-Mal)uea Belt and the Rondonian belt. The Aripucna 
Kimberlite Province is intruded into the Rio Negro-Juruena Belt, close to its 
boundary with the Rondonian Belt. These kimberlites are therefore not intruded 
into all Archean Craton but are intruded into a cratonic area that has been 
remobilised in the Proterozoic. 
Off-craton kimberlites are normally considered to be non diainondiferous. 
The low concentrations of diamonds in the Aripuena Kimberlites have however, 
been concentrated by sedimentary processes at Sao Luiz. Sao Luiz diamonds, 
therefore, provide a unique opportunity to study diamonds from an off Craton 
environment and one not normally associated with economic diamond production. 
6.2 Inclusion Divisions. 
The inclusions in the Sao Luiz diamonds comprise two groups: garnet and 
garnet-rich inclusions that are discussed in this chapter, and other silicate and 
oxide inclusions, discussed in Chapter 7. The garnet inclusions were recovered 
from di. unoncls primarily for isotopic age dating (Nd/Sm) and a fraction of this 
sample was analysed by electron microprobe. In total sixty garnet-rich inclusions 
were examined and these were all visually identified optically as orange to pale 
orange eclogite paragenesis garnets. 
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'falble 6.1 
Principal Types of Cam el-Itich Inclusions from Sao l. uir.. 
Croup I 
Contain garnet with - 3.0 Si atoms 
per 12 Oxygens. 
IA Ilomogeneous (garnet only) 
III Composite with 
clinopyroxene accompanying garnet. 
(; rout) 11 
Contain garnet with > 3.0 Si 
atoms per 12 oxygens. 
II A Homogeneous (garnet only) 
III; Composite with high jadeite 
clinopyroxene accompanying garnet. 
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hie study of the garnet-rich inclusions was supplemented by an examination of 
ten diamonds which contained orange garnets. 
The analyses of the garnet-rich inclusions are shown in Appendix 3 
together with the nitrogen aggregation state and the 8 
13C values for the ten 
garnet-bearing diamonds. 
As can be seen from Table 6.1, two principal divisions of the garnet-rich 
inclusions are established on the basis of silica content. 
In Group I inclusions the garnet silica contents are normal, that is 
approximately 3.0 Si atoms per 12 oxygens in the garnet formula. Group 11 
garnets have more than 3.1 Si atoms per formula unit and these are believed to 
represent high pressure solid solutions between garnet and pyroxene within a 
garnet structure (Major, 1967). The Group It inclusions will be referred to as high- 
silica garnets. Similar high-silica garnets are rare as inclusions in diamond but 
have been documented in diamonds from Monastery (Moore & Gurney, 1985) 
and at Jagersfontein (Gurney et al., unpubl. ). 
Both Group I and Group 11 are further subdivided. Some of the inclusions 
are composite and have clinopyroxene present in addition to the garnet-rich please. 
Group 113 gamets consist of normal-silica garnet and clinopyroxene. Group 1113 
garnets have high-silica garnet and clinopyroxene, in addition some normal-silica 
garnet may be present. 
6.2.1 Group IA inclusions. 
The silica contents in these 3 inclusions range from 2.89 to 3.0 silicon 
atoms for every twelve oxygens in the garnet formula. The garnets have sodium 
contents of up to 0.04 sodium atones per formula unit. Calcium and titanium 
values are up to 1.12 and 0.22 atoms per formula unit respectively. Magnesium 
values show a restricted range of between 0.33 and 0.38 Mg/R2+ (see Appendix 3 
for details). In figure 6.2 the concentrations of sodium, titanium and calcium are 
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Fig 6.2 
Sodium, calcium and Titanium Contents for (Troup IA Cartels. 
Atoms of sodium, calcium and titanium for each fonuula unit (12 oxygens) are 
shown against the number of aluminium atoms. 
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with decreasing aluminium content. Titanium is usually expected to replace 
aluminium in octahedral coordination, the total Ti + Cr + Al in the octahedral sites 
is 1.92 to 1.98, which may be compared to 2.0 cations in the garnet formula. Some 
sodium may accompany the substitution of quadrivalent Ti in order to maintain 
the charge balance, although there is not enough sodium present to balance all of 
the titanium in the R3+ site. The number of R2+ and sodium ions present in the 
garnet structure ranges fron 2.88 to 3.08 (see Table 6.2), while the number of ions 
in the R3+ site (Al, Ti and Cr) ranges from 1.92 to 1.98. In some inclusions 
therefore the octahedral sites are not fully occupied by trivalent (Al, Cr) or 
quadrivalent (Ti) cations. Some of the excess divalent cations may therefore be in 
octahedral coordination, and this could be another means of maintaining the 
charge balance when Ti substitutes for Al. 
6.2.2 Group 113 inclusions. 
The clinopyroxene and garnet in these 15 inclusions are separated by 
smooth, sinuous boundaries which show little evidence for crystallographic 
control. 'me garnets have similar composition to those in Group IA, except that 
they are more magnesian (Mg/R2+ 0.38 to 0.42). As shown in figure 6.3, the 
sodium content is highest at low aluminium values, and such inclusions have 
titanium concentrations of around 0.1 cations. The concentrations of sodium in 
these inclusions are too low for all the titanium ('1'i4+) present to be balanced. As 
in Group I inclusions, the titanium probably enters into octahedral coordination, 
but again not all of the octahedral sites are occupied. Some excess divalent cations 
may therefore be present in the octahedral sites (see Table 6.2). 
The clinopyroxenes (Appendix 3) have a high jadeite (NaAISi2O6) 
CImtent, where the ctifOpyroxene is largely homogeneous with up to 10 mol. % 
jadeite, shown as high sodium and aluminium contents. The clinopyroxene shows 
textural and chemical evidence for the breakdown from high jadeite to lower 
jadeite compositions (2-3 tnol. %). This reaction is accompanied by the exsolution 
o. 1 cu 
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Sodium, Calcium and Tilanium conlenls for Group 16 Carrels. 
The number of sodium, calcium and titanium atoms per twelve oxygens. 
Titanium is assumed to enter into octahedral coordination to replace 
aluminium 1. 
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of an unidentified aluminosilicate phase. This unidentified phase consists of 25 
wt. % aluminium (A1203) and 60 wt. % silica (Si02). During electron microprobe 
analysis the counts at the sodium peak are initially high. This phase possibly 
represents the jadeite (NaA1Si2O6) component of the pyroxene which has been 
exsolved to form complicated networks in the low jadeite pyroxene. The 
clinopyroxene compositions show a range of Fe/Fe+Mg ratios of 0.50 to 0.67, 
with Ca/Ca+Mg ratios of 0.44 to 0.51. In addition there are minor amounts of Ti 
present (up to 0.04 cations). The aluminium contents are too high, compared with 
sodium, for all the aluminium present to represent the jadeite component. Some 
aluminium probably enters into the tetrahedral sites normally occupied by silicon, 
as the values of Si atoms per formula unit are lower than would be expected in a 
normal pyroxene formula and the number of aluminium atoms in tetrahedral 
coordination is probably up to 0.04 per 6 oxygens. 
6.2.3 Croup IIA inclusions. 
The 3 garnet inclusions in this group have a higher silicon content than 
Group 1, with up to 3.3 silicon atoms per twelve oxygens. These compositions are 
interpreted as solid solutions between garnet and clinopyroxene but within a 
garnet structure. Such minerals are termed majorite and were first identified 
experimentally by Ringwood and Major (1966a and b) and Ringwood (1967). The 
garnets show low aluminium contents which indicate the substitution of silicon 
atoms into octahedral sites. As shown in figure 6.4, around 0.1 Ti atoms are also 
present, which are probably incorporated into the octahedral (R3+) sites. Sodium 
values of up to 0.08 suggest that sodium may replace a divalent cation such as Ca, 
Mg, Fe or Mn in eightfold coordination, in order to balance some of the Ti or Si 
present. From Appendix 3 and Table 6.3 it can be seen that, even with the 
incorporation of excess silica, there are not enough R3+ and R4+ ions to fill all of 
the octahedral sites. Some divalent cations which are in excess may also enter into 
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Fig 6.4 
Silicon, Sodium and Titanium Contents for Group 1IA Iligli Silica 
Garnets. 
The limited data for inclusions of this type suggests that silicon atoms replace 
aluminium in octahedral coordination. The silicon substitution is possibly 
accompanied by sodium substitution which replaces a divalent cation (Mg or 
Fe) in eightfold coordination. 
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magnesian inclusions have the highest silica, which may indicate that Mg enters 
into the octahedral site, thereby helping to maintain the charge balance in view of 
the excess R4+ cations. 
6.2.4 Group 1111 inclusions. 
These 11 inclusions are composite and contain both high-silica garnet and 
clinopyroxene. Generally the high-silica garnet is surrounded by a discontinuous 
rim of clinopyroxene. Garnet of normal-silica composition is sometimes present 
and this tends to mantle cores of the high-silica garnet suggesting decomposition 
of the solid solution phase. Only one inclusion shows direct evidence for 
crystal I ographically controlled exsolution and this consists of a core of high-silica 
garnet surrounded by garnet of normal-silica content with parallel clinopyroxene 
lamellae. Figure 6.5 shows the silicon, sodium and titanium contents of the high- 
silica garnets. As with Group 1 inclusions up to 0.08 Na atoms per twelve oxygens 
are present. I7ie excess (> 3.0 cations) silicon and all of the titanium are assumed 
to substitute for aluminium in octahedral coordination. As with Group IIA, the 
total excess of Si, together with all of the Al, Cr and Ti leave a deficiency in the 
octahedral site and this may be balanced by the excess divalent cations. 
'I'Ihe separate clinopyroxene phase is jadeite rich, up to 45 mol %. There is 
also evidence for a complex breakdown of the pyroxene into lower jadeite 
pyroxene, again accompanied by the networks of an unidentified aluminosilicate 
as observed in Group 113. The silicon contents of the clinopyroxenes also show 
(Appendix 3) that there are less than 2.0 Si atoms per 6 oxygens in the pyroxene 
fonnula and implies that some aluminium enters into tetrahedral coordination. 
The Mg/Mg+Fe ratios range from 0.67 to 0.77 with Ca/Ca+Mg values of 0.46 to 
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Fig 6.5 
Silicon, Sodium and 'I'ilanium Contents for Group lilt Iligh Silica 
Garncis. 
Silicon atoms replace aluminium in octahedral sites, and up to 3.3 silicon 
atones per twelve oxygens are present. Sodium contents are highest for high 
silicon and low aluminium values. Titanium values are high for low 
aluminium values and titanium is also probably incorporated into octahedral 
sites. The sodium probably replaces divalent cations such as Mg and Fe in 
eightfold coordination. 
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6.3 Site Occupation in Carnet Inclusions. 
In garnet structured minerals, for a formula unit with twelve oxygens there 
are the following cation sites: three cubic sites, commonly occupied by divalent 
cations, two octahedral sites, typically occupied by Al, but also with Ti4+, Cr3+ 
and Fe3+ sometimes present and three tetrahedral sites, occupied by Si. 
The data presented in the previous sections is summarised in 'Tables 6.2 
and 6.3 and demonstrates the following points: 
Increasing Ti is associated with decreasing Al in Group I garnets, 
indicating Ti substitution for Al in octahedral sites. In the high-silica garnets Ti 
concentrations are not unusual in comparison with nomial-silica garnets and Si 
cannot be correlated with a change in Ti. Cr concentrations are low for all garnet 
inclusions. In Group lI inclusions increased excess Si is correlated with decreased 
Al, and the Si probably occupies octahedral sites. 
The sung of Al, Cr and Ti and also excess Si commonly falls short of the 
2.0 cations in the garnet structure. The suns of Na and divalent cations (assuming 
all Fe is Pet+) commonly exceeds the 3.0 cations expected in cubic sites. Some of 
the excess divalent cations may therefore occupy octahedral sites in the garnet 
structure. The charge balance of excess Si and Ti in octahedral sites may be partly 
accounted for by Na substitution in cubic sites, however, Na contents are 
insufficient to balance all the quadrivalent cations present. Both the lack of R3+ 
cations in octahedral sites and the excess R4+ cations can be accounted for by 
It2+ cations, in place of Al in octahedral sites. 
To illustrate the above figure 6.6 compares the number of Si atoms with 
the number of Al, Cr and Ti atoms that can occupy the octahedral sites in gantet 
structure and the number of Na and R2+ cations that can occupy the cubic sites. 
'I'lse typical values for it garnet two cations in octahedral sites and three cations in 
cubic sites and three Si cations per twelve Oxygens. As figure 6.6 shows, as the 
amount of silica in the garnets is increased (values above 3.0 Si atoms) the sun' of 
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'l'alle 6.2 
Cations in Croup I Inclusions. 
Group IA 
S. unple Si4+ Al+Cr+Ti R2++Na 
4 2.98 1.93 3.10 
11 2.95 1.97 3.04 
44 2.92 1.94 3.10 
Group lit 
1 2 . 96 
1.94 3.07 
2 2.98 1.91 3.10 
5 2.99 1.95 3.05 
12 2.94 1.93 3.12 
13 3.00 1.86 3.12 
14 2.96 1.95 3.07 
15 3.09 1.76 3.16 
16 3.07 1.76 3.13 
18 3.08 1.75 3.13 
25 3.08 1.73 3.16 
32 2.97 1.86 3.13 
34 2.97 1.92 3.08 
37 2.96 1.99 3.08 
39 3.00 1.98 3.03 
42 2.99 1.93 3.07 
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'c'able 6.3 


































Ti, Al and Cr cations, normally associated with the octahedral sites, decreases. 
The number of divalent cations and Na cations increases. These trends of variation 
support the suggestion that excess silicon and excess divalent cations enter into 
octahedral coordination, together with aluminium, titanium and chromnium. 
Following the median lines of the trends shown in figure 6.6, when the value of 
excess silicon is 3.3 (i. e all Si sites are occupied but 0.3 Si atones are in excess) 
the sun of titanium, aluininiuin and chromium cations is only 1.25, whilst the sum 
of sodium, calcium, magnesium, iron and manganese is 3.4.. The number of 
cations per site in garnet structure approximately balances, as follows: 
R2+3((R2+)() 
. 4(Ti, 
Al, Cr3+)1.25(S i4+)0.3))S`3O 12 
Where the cubic site is occupied by Na, Ca, Fe, Mg and Mn and the 
octahedral site is occupied by Al, Ti, Cr, Fe, Mg, and excess Si. Mg and Fe 
probably enter into octahedral coordination rather than Na and Ca because of the 
large ionic radii (1.18 and 0.91A respectively) for the latter two ions. 
In order to maintain a charge balance, the excess Si and Ti cations must 
balance the Na and excess divalent cations in each inclusion, from Appendix 3 the 
excess Si and Ti cations are mostly balanced. 
lt is possible that some of the iron in the garnet inclusions from Sao Luiz is 
ferric (Fe3+), which may mean that some of the iron may enter into the octahedral 
sites. In Group I inclusions it can be seen from Table 6.2 that not all of the deficit 
in octahedral sites is balanced by Si and some of these sites may be occupied by 
Fe3+, up to 10% of the iron in Group I inclusions may therefore be Fe3+. In 
Group It inclusions however, in order to occupy all of the octahedral sites, up to 
48% of the iron present must be Fe3+, which would imply very oxidised 
conditions of diamond formation, also the charge on each inclusion would not be 
balanced. Frotn Appendix 3, the analyses totals are close to 100%, if ferric iron is 
present, lower totals would be expected. Ferric iron is not considered to be 
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Fig 6.6 
Cations in Garnet Structure for Sao Luiz Inclusions. 
The two diagrams show the number of cations that would be expected in 
fourfold sites (R4+), sixfold sites (R3+) and in eightfold sites (R2+) in a 
normal garnet structure. In an ideal garnet there are three quadrivalent cation 
in fourfold coordination, two trivalent cations in sixfold coordination and three 
divalent cations in eightfold coordination. In the Sao Luiz diamonds the ions 
expected to enter into the sixfold site are Ti, Al and Cr. The ions expected to 
enter the eightfold sites are Na, Ca, Mg, Fe and Mn. There are too many 
divalent ions (including monovalent sodium) to occupy all of the R2+ site, 
also there are not enough ions of Ti, Al and Cr to occupy all of the R3+ sites. 
With excess silica the number of trivalent ions decreases and the number of 
divalent ions increases. This suggests that with solid solution of pyroxene in 
garnet the sixfold sites in a garnet structure are occupied by Al, Si, Ti and 
divalent cations (Probably Mg and Fe). 
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The substitution mechanisms for the Sao Luiz inclusions therefore 
probably involve the substitution of silicon atoms for aluminium atoms in 
octahedral coordination. Titanium also enters into octahedral coordination. 
Calcium and sodium remain in eightfold sites but divalent iron and magnesium 
may also enter into octahedral coordination. The basic substitution mechanism is: 
(Mg, Fe)2+ + Si4+ = 2A13+ 
At high pressures several important substitution mechanisms for garnets 
have been suggested, principally to explain the high sodium content in garnets in 
eclogite nodules, but these are equally applicable to the garnets from Sao Luiz. 
Sobolev and Laurent'ev (1971) related the increase of sodium in garnet to a 
coupled substitution involving replacement of aluminium in octahedral sites by 
silicon. Monovalent sodium accompanies the silicon present in order to maintain a 
charge balance: 
Na [8]Si4+161 = Cat+t8 A13+I6] 
This substitution could potentially explain the high sodium contents of the 
Sao Luiz inclusions, however, as can be seen from figures 6.4 and 6.5, the amount 
of sodium is insufficient to balance the number of silicon atoms present. In 
addition to silicon, titanium is an important substitution ion in the Sao Luiz 
garnet-like inclusions of both Group I and II. 
The presence of P5+ in some garnets has been suggested as a mechanism 
for the substitution of sodium without the need for silica to enter octahedral sites 
in the garnet structure (Bishop et a!., 1976, Thompson, 1976). The coupled 
substitution in this reaction is: 
Cat+[8]Si4+[6l = Na+[8]PS+[6] 
The Sao Luiz garnets show some p5+ to be present but this has a constant 
value irrespective of the diamond group. The only change in the phosphorus 
content is where calcium values are high, this is most likely to be a result of X- 
Ray interference of the P Kcc I and Ca Kß II peaks during microprobe analysis. 
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6.4 Textural features of Garnet phases. 
The textures of the normal garnet and high-silica garnet inclusions from 
Sao Luiz are divided into six categories as shown in figure 6.7. 
The first two divisions only occur in Group I inclusions. Group IA 
inclusions have a homogeneous texture (Texture 1). With Group lB inclusions 
clinopyroxene as well as garnet is present (Texture 2). As can be seen in figure 6.8 
clinopyroxene forms blebs and discontinuous rims surrounding garnet in these 
inclusions. 
The third textural type consists of high-silica garnet in which high jadeite 
clinopyroxene is sometimes present. The phases are separated by smooth sinuous 
boundaries as shown in figure 6.9. In addition, the pyroxene sometimes shows a 
breakdown from high jadeite to low-jadeite compositions by exsolution of the 
jadeite component. 
The fourth texture was only observed in the inclusion shown in figure 
6.10. '11iis texture consists of a core of high-silica gannet that is surrounded by a 
complex intergrowth of normal-silica garnet and high-jadeite pyroxene. Some of 
the pyroxeiie is in the form of lamellae and may represent crystallograpliically 
controlled exsolution of pyroxene from high-silica garnet. Other pyroxene forms 
complicated textures within normal-silica garnet that are reminiscent of 
symplectite intergrowths. 
The fifth texture is shown in figure 6.11 and consists of a core of high- 
silica garnet surrounded by normal-silica garnet and pyroxene. The boundary 
between the high-silica garnet and the normal-silica garnet is very irregular. The 
nommal-silica garnet may originate as a breakdown product of the high-silica 
garnet. However the breakdown is not crystal lograplhically controlled and the 
reaction front separating the breakdown products from the host phase is not 
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'I'exlual Subdivisions of Sao Luiz Inclusions 
Six divisions are made on the basis of textures observed in garnets and high 
silica garnets. 
Group I inclusions have the textures 1 and 2 and consist of normal-silica 
garnet (N Si Gnt) and low-jadeite pyroxene (Cpx). Group 11 inclusions have 
textures of types 3 to 6 and consist of high-silica garnet (11 Si Gnt) with high- 
jadeite clinopyroxene (Hi Jd Cpx). Normal-silica garnet is present in addition 
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The light grey arcs lire garnet with 1101m at-silica content, while the dark grey 
areas dre jadeite rich pynºxene. On the edge of the inclusion the pyrcºxene. 
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Back kcaIIeretl cleclrtnt Inia}; e tºf (; 10111) II It Inclutiitºn, 'I'exItire'I')pe 3. 
'I'1ºis inclusion Consists of' high-silica garnet and jadeite rich pyroxette. The 
light grey high-silica garnet contains some dark grey fºyroxene and is 
surrounded by a discontinuous rirºº of pyroxene. The Iºyroxeººe is separated 
t, rcmt the high-silica garnet by smooth cuspate boundaries. 'T'here is evidence 
I 'Or the breakdown of pyroxerºe in the f'onn of inediunº grey low-jadeite 
pyroxene and networks of black jadeite component on the rim of th inclusion. 




Ilack Scat tend lied ron Image of a Croup II It inc"lusion, 'I'exltire'I'ype 4. 
Only une inclusion of' this texture was observed. 'I'Iºis texture consists of' a 
light grey core of high silica garnet surrounded by a complicated iººtergrowtlº 
of' nomial silica garnet and dark grey jadeite rich pyroxe, te. Some of* the 
pyroxene is in the lornt of' lamellae which suggest crystallogra1)hically 
controlled exsolution while other pyroxene occurs as blebs that suggest 
symplectite intergrowths. The inclusion is 150µi» long. 
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Fig 6.1 1 
Itack Sc'aIIcre(I Iý; ItýcIroll Image of Group II It Inclusion ul"I'exIure'I)II)c S. 
This inclusion is I 50pin long and comprises an einbayed core of medium grey 
high-silica garnet that is surrounded by a light grey area Of 1101ual-silica 
garnet. 'l'Iºe edge of time inclusion has dark grey areas of jadeite-rich I)yroxene 
that me hounded by smooth, rounded surfaces. 'Ehe irregular boundary 
lutween the high- and low-silica garnet is interpreted as resulting floill tile 
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Back ScaIltTed J ItTii on Ituage 4)[, j (: ruin) Ills hid lusion, '& Itire 6. 
'I'tie core cif this inclusion Consists of' high-silica garnet and is surrounded by 
dark grey jadeite-rich pyroxene and normal-silica garnet. The boundaries 
between high- uul low-silica garnet are smooth and curved and are interpreted 
as reaction I, rcmts that represent the breakdown of high-silica garnet to inediuni 
grey normal-silica garnet and jadeite-rich pyroxene. The inclusion is 15UEtm 
long. 
195 
The sixth texture, which is shown in figure 6.12, is interpreted as a 
breakdown product of high-silica garnet to produce normal-silica garnet and 
clinopyroxene. The decomposition products are separated from the high-silica 
garnet by a smooth boundary, which is different in character to that in category 
five (see figure 6.11) in that it is smooth and sinuous. 
The relationship between the six types of texture is uncertain. In three 
dimensions it is possible that all six textures can be found in one single inclusion. 
In addition to these six textural categories, there is a complicated texture 
observed in the pyroxenes of the composite grains. This occurs in both Group I 
and Group II inclusions and consists of reaction fronts separating jadeite-rich from 
jadeite-poor pyroxene. A network of the jadeite component (unresolved by 
microprobe) occurs in the jadeite-poor please, this texture is considered first in the 
next section. 
6.5 Uiscussiun of'l'exlure and Evolutionary History. 
The textures which occur in the pyroxenes of composite inclusions are 
concluded to be a result of the decomposition of high jadeite pyroxene by the 
exsolution of the jadeite component. This process is probably independent of the 
process which controls the distribution of pyroxene and garnet phases in the 
composite grains. 
Composite inclusions are not unique to the Sao Luiz diamonds, see for 
example Sobolev (1977) for a discussion on composite grains in diamonds from 
Siberia. There are three possible explanations for the textures seen in the 
composite grains: 
A) All of the clinopyroxene present results from the decomposition of a 
high-silica garnet at lower pressures. 
B) Pyroxene and garnet phases were present at the time of diamond 
formation and subsequently underwent decomposition in the diamond to produce 
a range of textures. 
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C) Textures in the inclusions were produced before enclosure in the 
diamond. The latter possibility is unlikely because in the inclusions which show 
the most complicated textures the clinopyroxenes are concentrated around the rim 
of the inclusions. Decomposition of the high-silica garnet would be expected to 
occur at the diamond-inclusion interface, as observed in sulphide inclusions, and 
suggests that any exsolution occurred after enclosure. The inclusions also show an 
imposed morphology which is interpreted as formation by the mutual growth of 
diamond and inclusion (see Chapter 2). 
In deciding between the first and second possibilities it is necessary to 
look at the cation contents of garnet phases. From figure 6.13 the compositions of 
the garnet-like inclusions and clinopyroxenes from Sao Luiz are shown in terms 
of the cation proportions. In ideal garnet structures there are 2.0 R3+ ions, 3.0 
R2+ ions and 3.0 R4+ ions for every 12 oxygens in the garnet formula. In ideal 
clinopyroxene there are 2.0 ions for every 6 oxygens in both the R4+ and R2+ 
sites, which when doubled (for 12 oxygens) is 4.0. Solid solutions between garnet 
and pyroxene would lie between the two ideal compositions shown. 
If Group I garnets and Group I pyroxenes originated from the 
decomposition of the high-silica garnets of Group II then a linear relationship 
would be expected between the Group II gamets and the exsolved products, in 
addition the exsolved pyroxene phase would be expected to have R4+ values 
greater than Group II garnets and the exsolved garnet phase would have higher 
R3+ values. The clinopyroxenes and garnets of Group I do not show the linear 
relation with Group H and are therefore not derived. 
The Group 11 pyroxenes are very jadeite rich and if the Group 11 
clinopyroxenes and gamets were exsolution products then a linear relationship 
would be expected from a high pressure phase that was initially rich in jadeite 
components (Na and Al) and which would have a silica value even lower than the 
Group 11 garnets. No such phases are found in the Sao Luiz diamonds. It is 
therefore unlikely that the Group 11 clinopyroxenes 
AI, Cr, Ti 
Si 
100% 
100%11 " 100% 
Group I and II Garnet and Pyroxene 
inclusions 
\ Na, Ca, Mg, Fe, Mn 
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Fig 6.13 
Cation I'roporlions for CunUpusilc Inclusions frone Sao Luiz. 
The compositions of garnets and pyroxenes of Group I and II inclusions are 
plotted in terms of their cations. The sum of cations expected to enter into the 
eightfold site in garnet (for 12 oxygens) is 3.0 and these cations are Na, Ca, 
Fe, Mg and Mn. The suns of cations expected in the sixfold site in garnet is 2.0 
and these ions are Al, Cr and Ti. The number of silicon atoms will be 3.0 in a 
pure end member garnet. In ideal pyroxene there will be 4.0 silicon atoms per 
12 oxygens and 4.0 other cations (Na, Ca, Al, Mg, Fe and Mn). The ideal 
compositions for garnet are shown, together with diopside, jadeite and 
Tschermak pyroxene end members. The Sao Luiz garnet-like inclusions of 
Group 11 have higher silicon contents than would be expected for a simple 
solid solution between garnet and pyroxene. The Group It pyroxenes (shaded) 
have a range of compositions from high-jadeite to low jadeite compositions. 
The Group 1 garnets and pyroxenes (shaded) plot below the line of garnet and 
pyroxene solution. A linear relationship between the garnets, high-silica 
garnets and pyroxenes would be expected if the Group 1 inclusions were 
breakdown products of Group 11, this is not the case at Sao Luiz. It is therefore 
suggested that the garnet and pyroxene-rich phases were separate before 
inclusion into the (liar pond. 
10 
199 
and garnets are exsolution products. 
The non linear relationships exclude the first possibility referred to earlier. 
As the second proposal does not require a linear relationship for its fonnation this 
proposal may best account for the mineralogical observations. In order to 
investigate this possibility the element distribution across mutual boundaries was 
investigated. Si, Ca, Al and Fe peaks were made using a step scanning mode on 
the Camebax microprobe to detennine the concentrations of these elements. 
The concentration gradients of aluminium and silica in an inclusion which 
shows a category five texture are shown in figure 6.14. At the edge of the high- 
silica garnet core there is a marked increase in the concentration of silica which 
corresponds to a thin ring of pyroxene. 11iis pyroxene has a different composition 
to the very jadeite rich pyroxene that forms the outside part of the inclusion. The 
pyroxene surrounding the high-silica garnet core is interpreted as a breakdown of 
the high-silca garnet to produce normal-silica garnet and pyroxene. The 
concentration gradients of calcium and iron at this boundary are much more 
irregular, with calcium concentrations highest at the centre of the high-silica 
garnet. The iron contents are highest in the two pyroxene zones and are also very 
high at the interface between normal-silica garnet and pyroxene. The calcium and 
iron concentration gradients probably represent the relatively slow diffusion of 
iron and calcium in the garnet and pyroxene. 
In time Group 1113 inclusion, texture three, shown in figure 6.15, there is a 
similar steep concentration gradient of silica and aluminium at the boundary 
between pyroxene and high-silica garnet. 'I'lse iron and calcium contents however 
remain constant in the gantet phase. 
Even though the evidence in figure 6.13 shows that the pyroxene and 
garnet-rich phases were included separately into the (lialnnond, the distribution of 
elements within the garnet phase shows that there has been some sub-solidus 
decomposition of the high-silica garnet after enclosure to fonu gantet of normal 
silica composition. 
Gnt Gnt/Cpx soln. 
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Element Uislribulion in Cotupusilc (; rains. 
The aluminium and silicon contents of garnet show sharp changes in 
concentration across phase boundaries. The core of high silica garnet has high 
silicon and low aluminium which changes to low aluminium and high silicon 
in an area of pyroxene immediately surrounding the core. These values change 
to lower silicon, higher aluminium in the normal silica garnet. Calcium and 
iron show more shallow compositional gradients. Calcium concentrations 
increase into the high silica garnet while the iron content of high silica garnet 
increases close to the boundaries with jadeite rich pyroxene. 
Si 
Gnt/Cpx soln. 












Element Distribution in Composite Grains. 
Aluminium and silicon show sharp, steep compositional gradients across the 
boundaries between the high silica garnet and pyroxene phases, although the 
boundaries are less steep than in rig 6.14. Partly this is due to breakdown of 
high jadeite pyroxene by diffusion of aluminium and silicon which modifies 
the distribution of elements. Calcium shows a compositional profile that 
increases into the high silica garnet phase, while the iron content is constant in 
the garnet phase. 
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6.6 Phase Relationships and'1'emperature. 
The two major divisions of the garnet inclusions from the Sao Luiz mine 
are based on the silica to oxygen content. For garnet this ratio is 1: 4 and for 
pyroxene this is 1: 3. A close chemical association between the two phases is also 
known from experimental work (e. g O'Hara & Yoder, 1967) principally because 
aluminium can enter into pyroxene. Ringwood (1967) has shown that at high 
pressures pyroxene becomes soluble in garnet and at very high pressures the 
pyroxene is completely dissolved in a garnet-structured phase. The pyroxene solid 
solution begins at approximately 95kbar and is completed at 150kbar. For the 
system MgO-Al203-SiO2, the pyroxene component enters garnet as follows: 
Mg[8](Mg, Si)16]Si1413012 
The silicon of the pyroxene enters into octahedral coordination; these sites 
are normally occupied by aluminium in the garnet structure. Ringwood has shown 
that these relationships apply to the systems of MgO-A1203-Si02 and CaO- 
A1203-SiO2 and also in more complicated, natural, systems such as eclogite. 
The solid solution of garnet and pyroxene occurs with silicon entering the 
octahedral sites in a garnet structure. The measurement of the activity of garnet 
end members enables the degree of solid solution, and hence pressure to be 




Where aluminium completely occupies the octahedral site the tern X,,, will 
be equal to one, which should be the case for normal-silica garnets. As solution 
increases the value of XAI will decrease linearly and for example at 0.5 the 
solution consists of 50% of garnet and 50% pyroxene. 
The XAI values for the Sao Luiz garnets show a range between 0.9 and 0.75 
for the Group 11 garnets, which indicates formation over a range of pressures 
between 110 and 130kbar, equivalent to 330 and 390km. 
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Table 6.4 
'I'eII)pcralure estimates liar Group III Inclusions. 
Te/Mg(. r X4. Fe/Mg,. LUK 'I'OC 
1 0.60 0.29 0.25 0.85 1345 
2 0.47 0.18 0.23 0.69 1312 
12 0.71 0.34 0.29 0.89 1376 
13 0.53 0.14 0.27 0.66 1282 
14 0.58 0.27 0.25 0.85 1342 
15 0.67 0.33 0.42 0.47 1665 
18 0.76 0.36 0.39 0.65 1558 
24 0.61 0.25 0.31 0.88 1362 
25 0.78 0.36 0.42 0.62 1589 
34 0.69 0.36 0.29 0.87 1399 
37 0.59 0.21 0.31 0.65 1379 
39 0.80 0.20 0.40 0.67 1351 
42 0.83 0.31 0.37 0.62 1405 
'l'alle (,. 5 
Tempcraltire cstimales for (Troup II11 Inclusions. 
Fe/Mgr Xc. Fe/Mg., LnK T°C 
10 0.70 0.39 0.49 0.38 1822 
19 0.44 0.29 0.28 0.43 1631 
21 0.43 0.33 0.38 0.12 1991 
22 0.66 0.37 0.40 0.51 1668 
29 0.64 0.27 0.39 0.50 1565 
43 0.42 0.28 0.28 0.43 1632 









Shown are 1nKp and X,,. values for Group IB inclusions which have garnet of 
normal-silica content coexisting with pyroxene in the same inclusions. 
Temperature estimates are based on the geothermometer of Ellis and Green 
(1979). The precision of electron microprobe analyses (see Appendix 5) 
means that the temperature estimates are accurate to ± 25°C, whilst the 
uncertainty of the geothermometer itself means that the estimates are only 
accurate to ± 70°C (see Carswell and Gibb, 1987) 
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The temperatures of equilibration for the composite inclusions from Sao 
Luiz have been estimated using the geothermometer of Ellis and Green (1979), 
corrected for calcium. Thirteen inclusions from Group IB were studied (see figure 
6.16 and Table 6.4). The range of Kp values corresponds to a range of 
temperatures of 1282 to 1665°C. All but one of the Kp values indicate 
temperatures in excess of 1300°C. The temperature of the asthenosphere is 
believed to have values between 1350 and 1500°C for depths of 100 and 400km 
(see for example McKenzie, 1984), and the temperature estimates for the Group 
1B inclusions are therefore quite consistent with an asthenosphere origin. The 
temperature estimates all provide equilibration temperatures above the values of 
the closure temperature (1150°C) of Harte and Sautter (1988). 
The temperature estimates for seven Group 1113 inclusions using the same 
method gave a range of temperature values from 1613 to 1991°C (Table 6.5). The 
Ise-Mb partitioning behaviour between high-silica garnet and pyroxene is 
unknown and the actual temperatures of equilibrium for these inclusions may 
differ substantially from these estimates. However the high temperature estimates 
are, to some extent, compatible with the high pressure of origin indicated by the 
silica content of these inclusions. Temperatures at the base of the asthenosphere, 
assuming an adiabatic gradient of 0.6 °C/km are would be 1500 to 1600°C. Both 
the pressure and temperature estimates for the garnet inclusions favour an origin 
for the Sao Luiz diamonds within the asthenosphere. 
6.7 Trace element analyses. 
Four homogeneous inclusions of Groups IA and HA were studied for trace 
element concentration using 0 ions in the Cameca IMS 4F ion microprobe at 
Edinburgh. A comparison was made with the trace element contents of peridotite 
suite garnets from diamonds (Shimizu & Richardson, 1987) as well as garnet 












Trace element abundances 
Nb Ce Nd Sm Dy Y 
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Fig. 6.17. 
Trace element Abundances. 
These trace element analyses of Group IA and 1IA inclusions were determined 
by ion microprobe analysis using a 0- primary ion beam. There are a variety of 
patterns from LREE depleted patterns to patterns enriched relative to 
chondrites (Cl). The variability of trace element patterns shown below does 
not correlate with variability of major element chemistry. All the inclusions 
examined are also rich in HFSE (High Field Strength Elements) such as Zr 
and Ti. 
BZ20 BZ23 B 12 BZ38 Precision 
Ti 6899.64 10726.12 10167.62 5224.89 4.81 
Y 18.06 36.74 36.01 19.55 0.49 
Zr 213.34 211.31 125.56 63.94 1.71 
Ce 0.01 8.73 1.95 7.73 0.01 
Sm 0.10 1.02 2.15 2.02 0.01 
Dy 0.00 nd nd 0.48 0.11 
Tb 0.02 0.01 0.02 0.02 0.0.01 
Nd 0.04 2.35 4.56 6.65 0.38 
Nb 0.13 0.13 0.08 6.47 0.11 
The inclusions BZ20 and BZ12 are Group I and BZ23 and BZ3 8 are Group 11. 
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From the four traces no single pattern of trace element concentrations was 
established and the concentrations ranged from very depleted to enriched patterns. 
The results are shown in figure 6.17. The variable IIFSE (Iligh Field Strength 
Elenments, such as Zr and Ti) patterns are different from the predicted world-wide 
depleted pattern of IIPSE in the mantle which Salters and Shimizu (1988) have 
suggested. In addition LREE (Light Rare Earth Elements) have pattenis which 
vary from depleted to enriched compositions. 
Although the inclusions studied were homogeneous the three dimensional 
relationships are unknown. Some of the inclusions may be coilll)osite with 
pyroxene. Therefore the LREE uld IIPSL may not represent the equilibrium 
conditions of formation but redistribution of elements following enclosure by the 
diamond. 
6.8 Nilrogen and Carbon Characteristics of Garncl-Iicariiig I)i. uiuºnds. 
Unfortunately most of the garnets studied had already been removed fºoin 
their enclosing cliaunond and this material was not available for study. Ten 
diamonds containing eclogite paragenesis garnets were examined. After 
determination of colour, morphology and surface features, the inclusions were 
extracted, mid the fragments of these diamonds were retained for a preliminary 
studly of nitrogen aggregation and carbon isotope analysis by the methods outlined 
in Chapter 2. 
All the diamonds were brown and showed rounded surfaces on which 
plastic deformation lines were visible. Seven diamonds were macles and the 
remaining three were octahedra. A high degree of crystallogralºIºically controlled 
etching was observed in the form of trigon etch pits. flee etch pits were frequently 
found to be close to macle lines and other planes of weakness, such as broken 
cleavage surfaces. The etch included hexagonal pits and also pyramidal pits with 
apices oriented along the four fold crystal directions. 
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Table 6.6 
Cations in Garnet Inclusions frone Ten Sao Luir Diamonds. 
Sample Si4+ Al+Cr+Ti R2++Na 
121 2.98 1.95 3.06 
122 3.13 1.72 3.15 
123 2.99 1.93 3.08 
124 3.05 1.77 3.17 
125 3.05 1.81 3.08 
126 2.97 1.98 3.03 
127 3.13 1.75 3.03 
128 2.96 1.99 3.04 
129 3.12 1.83 2.99 
130 2.96 1.99 3.09 
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'fahle 6.7 
'1'emperaltire Estinmates for Three Croup III Inclusions. 
Fe/Mgr, Xl. Fe/Mg, InK T°C 
121 0.77 0.34 0.27 1.05 1297 
123 0.82 0.40 0.31 0.97 1412 
126 0.78 0.45 0.14 0.97 1458 
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The inclusions were pale to dark orange in colour and had ai imposed 
cubo-octahedral morphology. I1ie chemical analyses for these inclusions are 
shown in Appendix 3. Six of the inclusions are Group I and four are Group 11. 
Three of the Group I inclusions are composite (Group 113) and consist of garnet 
and pyroxeue with a 20 inol. % jadeite content in the latter, the remaining three aie 
homogeneous. Only one Group lI inclusion is composite and this consists of a 
high-silica garnet with a pyroxene of 20 mol. % jadeite content, the remaining 
three Group It inclusions are homogeneous. The composite inclusions of both 
groups show textures of category 2 and 3 (see above) there being little evidence 
for sub-solidus decomposition of the high-silica garnets. 
In Table 6.6 the number of Si atoms per 12 oxygens are compared with the 
number of Al, Ti and Cr cations and also the number of R2+ and Na cations. As 
shown earlier the excess Si enters into octahedral coordination in the Group II 
inclusions. From 'f'able 6.6 the number of R2+ and Na cations in the Group 11 
garnets exceeds the number of cubic sites available in garnet structure and some 
of the excess divalent cations probably enter into the octahedral sites to maintain a 
charge balance. 
'I'lse temperature of formation of the three Group Ill inclusions has been 
estimated using the method of Ellis and Green, to enable the a direct comparision 
to be made with the compositie inclusions described above. Table 6.7 shows the 
temperature estimates for the three Group 113 inclusions. A range of values of 
equilibration temperatures of 1297 to 1412°C were calculated (for 50kbar) and 
these are again compatible with an asthenosphere origin for these inclusions. 
The infra red studies of these ten dialnonds show a total nitrogen 
concentrations range from 76 to 271ppin. All of the diamonds are Type IaA, with 
1282/1180 ratios greater than 0.3. The amount of IaB nitrogen present in each 
diamond varies and, as shown in Appendix 3, all but two of the diamonds have 
1282/1180 ratios of less than 1.0, indicating a high 1aß content. Three of the 
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diamonds contain composite inclusions which enable temperatures of 
equilibration to be made, and the time taken to aggregate the IaB nitrogen in these 
three diamonds can therefore be calculated using the procedure shown in Chapter 
4. These calculations give periods of 76 to 152 million years to aggregate the IaB 
nitrogen present and imply only a very short residence time at high temperatures. 
The carbon isotope composition of the ten diamonds showed a range in 8 
13C values of between -6.42 Oloo and -12.57 °loo vs PDB, as shown in Appendix 3 
and seen in figure 6.18. In the 6 normal-silica garnets the mean S 
13C value is - 
9.52 °loo (with a range of values from -6.70 to -12.57°"oo). In high-silica garnets 
there is a narrower range of values from -6.70 tp -10.98 oloo) the mean S 
13C 
value for diamonds being -8.18 "loo. All the S 
13C values are isotopically lighter 
than the average mantle (-5 °Ioo). 
If the carbon in the athenosphere has the isotopic value of -5 Oloo then the 
light S 13C values for the Sao Luiz diamonds may have resulted from isotopic 
fractionation processes, such as those described in Chapter 4. Alternatively if the 
asthenosphere is extremely heterogeneous the 10 results may indicate a several 
limited carbon reservoirs of different isotopic compositions. Because the sample 
of diamonds analysed for S 
13C was so small the true distribution of carbon 
isotopic compositions is unknown. If the light isotopic values are a function of 
fractionation processes then the Av_c value must be close to 5, in order to produce 
the S 13C value of -11 0/0o from a mean mantle source. Deines (unpubl. ) has 
recorded two groups of S 
13C in diamonds which contain high-silica gamets from 
Jagersfontein. The high-silica garnets at Jagersfontein have very 13C depleted 
signatures around -21 0/oo, while normal-silica garnets are more 
13C 
enriched (-6 
o/oo). It is unlikely that the range in isotope compositions for Sao Luiz and 
Jagersfotein could have been produced by any known upper mantle fractionation 
process for carbon with a mean composition of -5 Oloo. The most likely 
explanation for the range in carbon isotope compositions therefore is that in the 
asthenosphere carbon is derived 
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Fig 6.1 K. 
Degree of Solid Solution of l'yroxene in Garnet. 
The solid solution of pyroxene in garnet is shown by an increase in silicon in 
octahedral coordination, shown by a decrease in aluminium content. The result 
of experiments by Irifune are shown compared with some compositions from 
Sao Luiz garnets. Also shown are S '3C values which show a significant 
variation with depth of origin, garnets derived from relatively shallow depths 
have a limited range of S 13C at -6 0/00, deeper origin gannets have lighter 
carbon isotope signatures. 
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from a limited number of reservoirs of different isotopic compositions. 
6.9 origin of Sau Luiz Carnet-like Inclusions. 
The garnet-like inclusions from Sao Luiz have several features that 
suggest a deep origin, probably within the asthenosphere. 
I. The garnet-like inclusions from Sao Luiz have complicated chemistries. Two 
main divisions are made on the basis of silica content. The high-silica garnets 
represent complicated solid solutions between pyroxene and garnet. Silicon atoms 
enter into octahedral sites in the garnet structure, with titanium and divalent 
cations (Mg and Fe) also entering these sites. Monovalent sodium and divalent 
calcium are probably restricted to eightfold sites, since their ionic radii are too 
large to permit entry into the octahedral sites. 
2. Some of the inclusions are composite and contain garnet and pyroxene in the 
same inclusion. In these composite grains the garnet and pyroxene phases cannot 
be produced by the decomposition of an initial high-silica garnet, and it is 
concluded that the pyroxene and garnet were incorporated into the diamond 
separately. Some composite grains show evidence for re-equilibrium in the form 
of small segregations of garnet and pyroxene which overprint the Si and Al 
distributions between the main garnet and pyroxene-rich phases. 
3. The silica contents of the garnet-like phases indicate a range of depths of origin 
from pressures of 65khar to 150kbar, equivalent to depths of 180 and 450km, 
which are considered to be asthenosplierie. hie temperatures of equilibrium of 
composite inclusions with normal-silica garnet show a range from 1282 to 
1616°C. '17ie temperature estimates are also compatible with an astlienosphere 
origin. 
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4. A preliminary study of the nitrogen . und carbon characteristics of the Sao Luiz 
diamonds shows variable nitrogen aggregation states and light isotopic 
compositions. The diamonds showed a high amount of Type Iaß nitrogen, again 
compatible with an asthenosphere origin, at high temperature. The carbon isotope 
compositions show a range of S 
13C values that are all lighter than the assumed 
mean mantle S 
13C value of -5 0/00. Data from Jagersfontein mine shows an even 
greater range in S 13C for similar inclusions. Although it is possible that the 8 
13C values may be a result of isotope fractionation processes, it is more likely that 
the different isotopic values indicate a number of limited reservoirs within the 
asthenospliere, each with a separate isotopic value. 
In conclusion it is suggested that the Sao Luiz garnet-bearing diamonds originate 
within the asthenosphere from a range of depths between 180 and 450km. 
Temperature estimates show a high temperature of origin consistent with the 
asthenosphere. Garnet and pyroxene phases were probably separate before 
inclusion into the diamond, although some may have undergone subsequent sub- 
solidus re-equilibration following enclosure. Although the carbon isotopic data is 
limited it is also suggested that a number of isotopically distinct carbon reservoirs 
exist in the asthenopshere. 
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Chapter 7. 
Non (arnetil'rrous Inclusions from Sao Luiz. 
7.1 Introduction. 
In addition to the gametiferous inclusions described in Chapter 6, another 
parcel of 462 diamonds from Sao Luiz was studied for inclusions. The diamonds 
ranged in size from -9+7 to -4+3. Table 7.1 shows the inclusion abundances in 
these diamonds as estimated by optical examination. As shown in Table 7.1 the 
inclusions are divided into peridotite and eclogite, with the peridotite suite 
dominated by colourless inclusions and those containing more than one inclusion 
(multiple). The eclogite suite inclusions are dominated by oxides. Sulphide- 
bearing diamonds are also common. There are no orange garnet inclusions in 
these diamonds and therefore no direct evidence of the relationship to the bannet 
inclusions discussed in Chapter 6, because garnet-bearing diamonds had been 
removed fron this parcel prior to study. 
A preliminary study of 50 diamonds from the parcel of 462 was made. The 
diamonds were chosen randomly fron peridotite, eclogite and sulphide-bearing 
diamonds. The diamonds chosen contained inclusions as follows; ten with 
colourless inclusions, ten with more than one inclusion, twenty containing oxide 
inclusions and ten containing sulphides. At the subsequent analytical stage the 
sulphide-bearing diamonds were found to contain oxides. Their appearance prior 
to removal was related to their location in black rosette fractures, a characteristic 
of sulphide-bearing diamonds. 
In addition to the inclusion study all of the 462 diamonds were examined 
for their colour, morphology and surface features; these observations are 
summarised in section 7.2. The chemistry of the inclusions is discussed in sections 
7.3 and 7.4. 
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'l'alle 7.1 
Optically 1? slimated Abundances of Sau Luir. Inclusions. 
Peridolile. No. % 
Colourless 133 28 
P. Gnt 0 0 
Cpx 6 1 
Chromite 0 0 
Multiple 87 19 
Eclogite. 
Orange Gnt. 00 
Cpx 00 
MgO-FeO 155 34 






7'a ble 7.2 
Colour and Morphology of Sao Lair Diamonds 
Octa Maclcs Aggr. Irreg. 
(°Io) (%) (%) (%) 
Colourless 11 34 0.5 0.2 
Yellow 5 20 0 0.2 
Brown 6 21 0.7 0.5 
Total 22 75 1.3 0.9 
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7.2 Morphology, Colour and Surface Features. 
The morphologies of the 462 inclusion-bearing diamonds from Sao Luiz 
are summarised in Table 7.2. Most of the diamonds are macles (75%), while 22% 
are octahedra. Aggregates and irregular di. unonds fonnn the remaining 3%. 46% of 
the diamonds are colourless, with brown diamonds (25%) and yellow-brown 
diamonds (27%) also being important. The yellow-brown colour of the Sao Luiz 
diamonds is unusual because it is not a true body colour but is probably due to 
staining of internal fractures by iron oxides. The oxides result from the alteration 
of magnesiowustite inclusions (MgO-FeO) to haematite (Fe203) and magnetite 
(Fc3()4) (see later). 
Forty three of the fifty diamonds studied showed plastic deformation. 
Thirteen of these diamonds were brown and twelve had a yellow-brown body 
colour, both these groups showed plastic deformation features. The remaining 
twenty five diamonds were colourless and only eighteen were plastically 
deformed. 
All except one of the diamonds showed evidence of crystallographic etch. 
The etch patterns include negative trigons and hexagonal etch pits, with the 
hexagon edges parallel to the (111) growth direction. Some pyramidal pits were 
also observed with apices of the pyramids parallel to the (100) direction mid edges 
of the pits parallel to the (111) direction. Frequently the etch pits were 
concentrated along weaknesses such as plastic deformation lines. 
7.2 Oxide inclusions. 
In Table 7.3 the number of oxide inclusions identified by microprobe 
analysis are shown compared with the number of oxide inclusions identified 
optically. In total 24 oxides were analysed, this includes 18 from the original 20 
oxide bearing inclusions, 6 inclusions initially identified as sulphides. The 
diamonds ranged in size from -9+7 to -6+5, three of the diamonds were colourless 
224 
Table 7.3 
inclusion Abundances at Sao Luir.. 
Colourless 
No. of Diamunds 








10 20 10 
3 0 0 
1 0 0 
U 17 0 
U 6 0 
2634 
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octahedra, the remaining 21 were macles. 11 of the macles were colourless, while 
5 were brown and 5 had a yellow-brown colour. The magnesiowustite analyses 
are summarised in Appendix 4. 
Whilst in the diamonds the magnesiowustites had an iridescent, blue-green 
appearance, but when released they had a black to dark brown body colour. The 
inclusions were all cubo-octahedra with a maximum dimension of 200µm. 
Frequently, the inclusions were surrounded by fractures and in some cases, where 
the fractures extended to the diamond surface, alteration had occurred. Care was 
taken to avoid analysing such inclusions and, with one exception, the inclusions 
analysed were unaltered. 
Microprobe analyses of the inclusions showed them to be solid solutions 
between MgO and FeO and accordingly these are ternied magnesiowustites. They 
showed a range of Fe/Fe+Mg values frone 0.16 to 0.61, giving an FeO/PeO+MgO 
content of 0.32 to 0.72. In addition to FeO and MgO, tip to 1.0 wt. % Cr203 and 
0.2 wt. % A1203 are present. 'Deere is little evidence for correlation between the 
iron and magnesium contents and the aluniiniuni and chromium contents. Both 
aluminium and chroniiuni contents are shown in figure 7.1. As shown in figure 
7.2 nickel concentrations of up to 1.0 wt. % NiO were determined. hie nickel 
contents do not vary systematically with iron and magnesium content and both 
high and low nickel values occur in inclusions with similar iron contents. In 1l of 
the ntagnesiowustite inclusions were, discrete inclusions (<21tm) of nickel-iron 
metal (with approximate compositions of Fe 70: Ni 30). The analyses for such 
magnesiowustites invariably show high totals (see Appendix 4) in response to 
there being too much Ni2+ to balance the oxygen calculated during microprobe 
analysis. Accordingly it is possible that some of the nickel may in fact be present 
as metal rather than oxide (see Chapter 8), 
One sample of magnesiowustite was altered to more oxidized phases, most 
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MgO, FeO, Cr203 and A1203 contents of magnesiowustite inclusions from 
Sao Luiz. The chrome contents are highest in the incl ons that show the 
highest MgO contents. Aluminium is high in the inclusions that have high iron 
contents. The amount of aluminium is insufficient to replace all of the chrome 
and so there is not a simple substitution of aluminium for chrome with 
increased iron. 
Magnesiowustite Composition 




11 Iagncsiowuslite Coil) positions. 
MgO, FeO and NiO contents of magnesiowustite inclusions from Sao Luiz are 
shown. The inclusions show a wide range in FeO and MgO contents and also a 
significant variation in NiO content. There is no systematic variation of NiO 
with FeO content and inclusions of similar iron content show varied Ni 
contents 
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inclusions contained both haematite (Fe201) and magnetite (i: +e304), which form 
two halves of the inclusion. 
Magnesiowustites have been documented in diamonds from four other 
localities: Orroroo in South Australia (Scott-Smith et al., 1984); at Monastery and 
Koffiefontein in South Africa (Gurney et al., 1989) and at Sloan, a kinmberlite on 
the Colorado-Wyoming State Line district of the U. S. A. (Otter et a!., 1989). At 
Orroroo the magnesiowustite inclusions showed an average FeO/tFeO+MgO 
content of 0.21. The example from Monastery mine was very iron rich with a 
value of 0.93 but at Koffiefontein, three magnesiowuistite inclusions had values of 
0.21. The magnesiowustite inclusions from Sloan had values of 0.19. The range of 
PeO/FeO+MgO values at Sao Luiz varies between 0.23 and 0.74, demonstrating a 
very much greater range of composition particularly towards Fe enrichment with 
the exception of the single inclusion fron Monastery. 
7.4 Colourless inclusions. 
Of the original ten diamonds 8 inclusions were recovered. In addition three 
inclusions were recovered from diamonds containing multiple inclusions. The 
inclusions showed a variety of compositions which include CaSiO3 (6), pure 
silica (Si02)(2), diohside (CaMgSi2O6)(1), olivine ((Mg, Fe)2SiO4)(1), two 
silicon carbide (SiC) inclusions and one unidentified cafe silicate. Special 
attention was paid to extraction and recovery procedure for all the inclusions. 
These inclusions are all considered to be syngenetic. 
The six inclusions of CaSiO3 composition are facetted cubo-octalhedra 
which Iuminesced a faint yellow colour during microprobe analysis. Their 
compositions are very pure with a limited amount of magnesium (0.46 wt. %), 
trace amounts of Ti (0.02 wt %) and Fe (0.08 wt. %), although the latter values are 
close to the WDS detection limits of electron microprobes. Although the 
inclusions have a CaSiO3 composition, the mineral structure is unknown. 
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nie silica inclusions do not have a cloudy, amorphous appearance that 
would be expected from an epigenetic inclusion but are transparent and have an 
imposed morphology. The 2 inclusions recovered have a very pure composition 
and consist cif Si02 with small amounts of MnO (0.01 wt. %), FeO (0.07 wt. %) 
and A1203 (0.04 wt. %), these latter values are again close to the WDS detection 
limits. Using a Weissenburg X-ray camera with Ni filtered Cu radiation one of the 
Si02 was identified as a quartz. As a quartz is not stable at the same pressures as 
diamond the implication is that this inclusion is epigenetic. The colour of the 
inclusion and the very careful way in which the inclusion was recovered from the 
diamond suggests a primary origin and may indicate that the silica phase has 
inverted frone a high pressure phase (stishovite or coesite). The second silica 
inclusion coexisted with inagnesiowustite which has an MgO/MgO + FeO ratio of 
56%. 
One of the colourless inclusions analysed had an end member diopside 
composition with only 0.2 Fe atoms present in the pyroxene formula (6 oxygens). 
No other minor elements were detected and the crystal system was undetermined. 
The single olivine present has a composition of Fo85, the olivine also 
contains significant manganese (0.13 wt. %), calcium (0.14 wt. %) but limited 
chrome (0.04 wt. %). The crystal system is again undetermined. Ilke composition 
is much more iron rich than olivines generally found in peridotite suite diamonds. 
11 e two moissanite (SiC) inclusions were recovered from two diamonds. 
Both inclusions were colourless to pale blue, facetted, whole crystals which were 
exceptionally hard and difficult to polish. In initial examination, the microprobe 
analyses of this phase gave compositions of 150% Si02. Measurement of the 
number of counts at the carbon Ka X-ray peak showed approximately 200 to 300 
counts per second on the inclusion and approximately 50 counts per second at the 
background level. This corresponds to an approximate composition of 80% Si and 
20% C. Recalculating the silicon with a carbon anion gave mi approximate 
composition of mnoissanite (SiC). 
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Moissanite has been reported as an inclusion in diamonds from Argyle 
(Jaques et al., 1989), at Sloan (Otter & Gurney, 1989) and at Monastery (Moore & 
Gurney, 1989). The moissanite inclusions from Sloan have since been proved to 
be laboratory contaminants and given that the inclusions from Monastery were 
analysed in the same laboratory it is possible that the moissanite inclusions from 
Monastery are also a contaminant. however Jaques (pers comm., 1989) has noted 
imposed crystal surfaces on the moissanites from Argyle, and considers his 
specimens to be syngenetic. 
An unidentified alumino-silicate phase of 43 wt. % Si02 and 35 wt. % 
A1203 was found. This phase had a calcium content of 18.9 wt. % and has a 
composition close to that of anorthite. 'I1iis phase may have composition close to 
Ca2Al2SiO7 (see section 7.6, below). 
7.5 Nitrogen and carbon characteristics. 
The nitrogen characteristics of 50 inclusion-bearing diamonds from Sao 
Luiz were deternnined using infra red absorption spectroscopy. Spectra were 
measured and decomposed using the methods described in Chapter 2. 
The nitrogen characteristics are summarised in Appendix 4 and Table 7.4. 
There are 37 diamonds that are Type 11,5 are Type IaA and the remaining 8 are 
Type IaB, with 1282/1180 ratios less than 0.3. In the Type la diamonds the range 
135 ýE . of total nitrogen concentrations is from 29 to ****ppm, with one very high value 
of 7800ppm. The Type lall diamonds have a range of total nitrogen contents of 
127 to 7800ppm, with a mean value of 1491ppm (without this high value the 
mean is 67Oppm). I'lse Type 1aß diamonds have a range of total nitrogen values of 
29 to 1354ppm, with a mean value of 928ppm. No relationship between mineral 
chemistry and nitrogen aggregation state was found. The composition of the 
inclusion from the diamond with the very high total nitrogen content was not 
determined because the inclusion was too small, although the inclusion was 
visually identified as a magnesiowustite. The very high nitrogen content of this 
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'f'ahle 7.4 
Summary of Nitrogen Characlcristics. 
Inclusion IaA lall 11 
Oxide 43 17 
Colourless 01 8 
Multiple 41 12 
Total Nitrogen 1491(670*) 928 0 
(mean ppm) 
* Excluding very high value of 7800ppm. 
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diamond contrasts with the high abundance of Type II diamonds from this 
locality. 
From Chapter 4, the rate of nitrogen aggregation state is shown to be 
dependent on the initial concentration of nitrogen, the temperature and the time 
available for aggregation. In 5 of the Type IaB diamonds all of -die nitrogen is in 
the IaB aggregate. The IaB content in the IaA diamonds is up to 89%. The time 
taken to aggregate laB nitrogen from IaA can be calculated. At temperatures of 
1400°C, for example, the time required to aggregate 50% IaB from IaA, with a 
mean nitrogen value of 1491ppºn, will be 1.75 million years, whilst for initial 
nitrogen concentrations of 928ppm the time required to aggregate 50% of the 
nitrogen available to IaB is 2.5 million years. Tlhus, given the high temperatures 
suggested for the Sao Luiz inclusion suite as a whole, the residence tine for these 
diamonds only needs to be short in order to produce the high Type IaB nitrogen 
contents observed. 
At Sao Luiz the distinctive nitrogen contents may represent at least two 
different environments of formation, one where there is no nitrogen present, the 
other where relatively high nitrogen concentrations exist. However there appears 
to be no correlation between nitrogen content and the inclusion composition. 
Three possible explanations for this anomaly are suggested: Firstly, that the 
mechanism of diamond precipitation at depth excludes nitrogen. Secondly that 
there is no nitrogen present during diamond formation. Thirdly, that nitrogen in 
the diamond is held in defects that are not infra-red active. The rapid aggregation 
of IaA to IaB nitrogen favours a rapid aggregation from IaB nitrogen to defects, 
for example voidites, that are invisible to infra-red. This fact favours the third 
explanation. 
The carbon isotope composition of 2 diamonds containing colourless 
inclusions and 3 diamonds containing magnesiowustites shows a very small range 
of 8 13C values of -5.02 to -4.14 Oloo vs PDB. The limited data are close to the 8 
13C value of -5 0/0o associated with the carbon of the upper mantle (see Chapter 
4). There is, for example, no discernible variation of the S 
13C value with iron 
content in the magnesiowustite or the mineralogy of the colourless inclusions. The 
dkunonds which contain garnet-like inclusions (see Chapter 6) have S 
13C values 
ranging from -6.42 to -12.57 0100 and are generally isotopically lighter. The 
niagnesiowustites and non-gamet silicate inclusions require a deeper origin than 
the garnet inclusions. The differences in S 
13C may reflect a differences in carbon 
isotope composition of the mantle between 200 and 400km and deeper mantle at 
depths greater than 400km. 
7.6 Expected Phase Relationships in the Deep Mantle. 
'I'lse magnesiowustites, the coexisting silica and the calcium and 
aluminium bearing phases in the Sao Luiz dimnonds are distinctive and have only 
rarely been documented in diamonds from other localities. Iligh pressure 
experimental work has shown that such phases are stable in the deep mantle. The 
compositions of the non-garnetiferous inclusions frone Sao Luiz will therefore be 
compared with the expected compositions fron the mantle. 
The structure of the mantle has been detennined by seismic discontinuities 
which allow division of the mantle into upper and lower parts. The lower part is 
below 650km (Ringwood, 1977). There is another discontinuity at 400km and 
both this discontinuity and the one at 650km are believed to represent changes of 
mineral structure with higher pressures. In figure 7.3, taken from Ringwood 
(1982), the changes expected for pyrolite composition are shown. At depths of up 
to 200km the mantle consists of olivine, orthopyroxene, clinopyroxene and garnet. 
At greater depths the pyroxene phases become dissolved in garnet. Between 400 
and 550km a single gartet structured phase exists with R olivine, which has an 
inverse spinel structure. '11ºe olivine has a spinet structure below 550km and at 
600knº the garnet structure decomposes to form calcium ferrite structured 
NaAlSiO4 and ilmenite structured (Mg, Pe)Si03. At even greater depths spinel 
and ilmenite structured pleases dissociate to form perovskite structured 
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'falble 7.5 
Calculated Density of Magnncsiowustitc Inclusions. 
Xfe.. Xfe,,, Mean p.. p.,.; p.,, 
BZ65 0.44 0.03 4.98 0.81 
BZ66 0.73 0.06 5.72 1.56 
BZ67 0.58 0.05 5.33 1.20 
BZ70 0.42 0.03 4.91 0.73 
13272 0.45 0.04 4.97 0.80 
BZ73 0.42 0.04 4.91 0.74 
BZ78 0.32 0.03 4.66 0.48 
BZ80 0.36 0.04 4.76 0.59 
Xfe. Mole Fraction of iron in magnesiowustite. 
Xfe. r Mole 
fraction of iron in perovskite phase. 
Mean p.. Mean density of magnesiowustite. 
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Phase Changes in Rocks of Pyrolite Composition at Iligh I'ressure. 
The phase changes for pyrolite mantle are shown according to Ringwood 
(1982). The mantle assemblage of olivine, orthopyroxene, garnet and 
clinopyroxene transforms into a higher pressure assemblage at depths greater 
than 200km. Pyroxene becomes dissolved into a garnet-structured phase and at 
400 and 500km the assemblage present is garnet and 0 olivine, which has an 
inverse spinet structure. At depths greater than 550km the olivine has a spinel 
structure and below 650km olivine dissociates into perovskite-structured 
enstatite ((Mg, l'e)SiU3) and magnesiowustite (Mgo-PeO). 
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(Mg, Fe)Si03 and magnesiowustite (MgO-FeO) of rocksalt structure. 'Miese 
general relationships also apply to rocks of eclogite and harzburgite compositions 
at depths greater than 550km. 
It is important to note that the changes in phases at high pressures do not 
necessarily correspond to the depths of seismic velocity change. Experimentally 
derived density and seismic velocity measurements would imply a narrower range 
of seismic discontinuity at 650km than is actually recorded and phase boundaries 
alone are therefore not responsible for the 650km seismic discontinuity (a subject 
discussed in more detail by Richter and Jeanloz, 1979). Also calculated velocity 
profiles indicate translations at depths shallower than those measured, although 
changes in chemistry, particularly a change in iron and silicon content, could 
account for the wide range of seismic velocity increase (as suggested by Lees et 
al., 1983). 
The non-garnetiferous inclusions from Sao Luiz consist of 
magnesiowustites, silica, olivine, diopside and calcium-bearing phases (CaSi03, 
anorthite and diopside). The inclusions from the Sao Luiz diamonds would 
therefore appear to be derived from a range of depths below 400km. The inclusion 
chemistry will be compared in detail to the chemistry of phases expected in the 
system MgO-FeO-SiO2 at high pressure. 
Figure 7.4 shows the phase changes in the system MgO-FeO-SiO2 for a 
range of pressures equivalent to depths of 630 to 755km. Two pseudobinary 
systems are also shown for olivine ((Mg, Fe)2SiO4) and enstatite ((Mg, Fe)Si03) 
compositions. Tlie simple transition of olivine and enstatite to high pressure 
phases would produce perovskite structured ((Mg, Fe)Si03) and magnesiowutite. 
The inclusions from Sao Luiz show a range of iron contents and, in one case, also 
show a bimineralic assemblage of Si02 and magnesiowustite. Significantly no 
inclusions of ((Mg, Fe)Si03) composition were recovered (see page 241). Figure 
7.4 shows that iron rich magnesiowustite compositions and the assemblage of 
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Fig 7.4. 
The System MgO-SiO2-FeO at High Pressure. 
Three ternary phase diagrams are shown in the system MgO-Si02-FeO (from 
Yagi et al, 1979) together with pseudobinary systems for olivine and 
orthopyroxene compositions, for a range of pressures equivalent to 630 to over 
700km depth. Mantle minerals would be expected to form various 
assemblages of perovskite-structured (Fe, Mg)Si03 (PV), spinel-structured 
(Mg, Fe)2SiO4 (Sp), Stishovite (Si02) (St) and magnesiowustite (Mg, Fe)O 
(MW), with changes depending on pressure. Assemblages of magnesiowustite 
and perovskite with high magnesium contents would be expected for mantle 
compositons at the high pressures shown. The Sao Luiz inclusions show 
magnesiowustites ranging from 0.28 to 0.78 Mg/Mg+Fe (Shaded). A 
magnesiowustite coexisting with silica has an Mg/Mg+Fe of 0.56, which is not 
possible on the diagrams. This suggests a more iron rich composition than 
direct derivation from normal mantle minerals. 
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iron rich. The unaltered upper and lower mantle would probably have an 
Fe/Fe+Mg content of 0.2 (Ringwood, 1982) which contrasts with the iron rich 
environment favoured for the Sao Luiz diamonds. 
The density of magnesiowustite phases is very iron dependent. Bell et al. 
(1979) have shown that there is a significant partitioning of iron and magnesium 
between the perovskite-structured enstatite and rock-salt-structured oxide 
(magnesiowustite) with iron strongly partitioned into the oxide phase. Using the 
data of Mao et al. (1979), and with the estimated distribution coefficients, also 
implied in figure 7.4, simple calculations of density dependence on the mole 
fraction of iron were performed. This determination also allowed the composition 
of the perovskite-structured enstatite coexisting with the magnesiowustite to be 
detennined. 
In Table 7.5 the results of these calculations are shown. The range of 
densities for inagnesiowustite is 4.66 to 5.72 gcni 3 (for iron contents of 
Pe/Fe+Mg values 0.32 and 0.72 respectively). The most iron rich compositions, 
with densities of 5.72 gcm-3, would sink because they have a density greater than 
the surrounding perovskite (4.16gcm-3). These iron rich phases would not 
therefore be expected in the lower mantle and they are probably only present in 
the Sao Luiz diamonds because enclosure in the diamond (density 3.51 gcm"3) 
has protected and prevented such phases from sinking. 
Inclusions of olivine composition are found in the Sao Luiz diamonds. 'I'Iºe 
magnesiowustite phases may therefore have originated below 650km, whilst 
olivines formed at shallower depths (less than 400km). 
Calcium in the mantle normally occurs in garnet and clinopyroxene. At 
pressures greater than 200km calcium enters into garnet structured majorite. The 
high pressure experimental work of Liu and Ringwood (1975) has shown that 
there is a triple disassociation of these complex bannet solid solutions into; 
ilmenite-structured (Mg, pe)Si03; calcium ferrite-structured Ni, lSi04 and 






calcium enters into a complex Ca2A12SiO7 phase of perovskite related structure 
(Liu, 1979). The calcium-bearing compositions from Sao Luiz consist of CaSiO3, 
diopside and an anorthite composition phase. These may represent a limited 
pressure range where CaSiO3 is stable (600 to 650km). According to Liu (1977) 
CaSiO3 may persist to greater depths if there is insufficient aluminium to form the 
Ca2AI2SiO7 phase. This situation may be explained by the reaction sequence: 
Ca3Al2Si3O 12 = 3CaSiO3 + A1203 = Ca2A12SiO7 + CaSIO3 + Si02 . 
In this reaction, end member grossular dissociates to form CaSIO3 and 
A1203. The complex calc-silicate phase forms from the reaction of the CaSiO3 
with A1203, but excess CaSiO3 and Si02 behind. If the garnet phase belongs to 
the majorite series and, therefore, has a high pyroxene component in solid 
solution, then the amount of CaSiO3 produced in the above reactions will be even 
greater. Such a reaction would be additionally enhanced if aluminium is taken up 
into calcium ferrite structured NaAlSiO4 or c-MgAI2O4. 
7.7 Formation of Sao Luiz Inclusions. 
I. A suite of inclusion-bearing diamonds from Sao Luiz was examined and the 
inclusions were extracted from a small proportion of these stones. The inclusions 
consist of magnesiowustite, CaSiO3, silica, olivine and diopside. In addition two 
inclusions of moissanite (SiC) composition were recovered. Magnesiowustites 
inclusions have been found at four other localities; Orroroo, Koffiefontein, 
Monastery and Sloan. The composition of these inclusions suggest that some 
diamonds are derived from very deep sources. 
2. The inclusions in the Sao Luiz diamonds have compositions that are consistent 
with a high pressure of origin. High pressure experiments have shown that olivine 
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in the mantle transforms to magnesiowustite and perovskite structured enstatite at 
pressures equivalent to 650km. Calcium in the mantle occurs as CaSiO1 
composition phases at depths below 450km. 'Tliis implies that some Sao Luiz 
diamonds originated at depths below 450kin and that most of these were probably 
derived from depths below 650km. These depths of origin are greater than those 
of the garnet-like inclusions described in Chapter 6. 
3. The compositions of the silicate and oxide inclusions from Sao Luiz have been 
compared with the compositions of a pyrolite mantle. In pyrolite the phase that 
would be stable at depths below 650km are perovskite structured enstatite and 
magnesiowustite. However, no enstatite inclusions were found at Sao Luiz. '11 e 
range of lie/lie+Mg ratios for the magnesiowustite inclusions is much greater than 
would be expected from the pyrolite model. An inclusion pair of silica and 
magnesiowustite also implies an iron rich composition. It is concluded that the 
Sao Luiz diamonds therefore formed in an environment that was enriched in iron 
relative to the mantle through partial melts of perovskite structured phases. 
4. Most of the Sao Luiz diamonds are Type 11. Diamonds which (1o show 
aggregated nitrogen have high lall contents, confinning estimated high 
temperatures of formation (see also Chapter 6). At temperatures in excess of 
1400oC only short mantle residence times are required to aggregate all of the laA 
nitrogen present. The rapid aggregation of nitrogen into defects, such as voidites, 
that are invisible to infra red may explain the abundance of Type 11 dianionds. 
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Chapter 8 
Origin of the Sao Luiz diamonds. 
8.1. l'liase relations. 
The nature and composition of the inclusions in the Sao Luiz diamonds 
indicate a considerable variation in depth of origin. The garnet inclusions, 
described in Chapter 6, alone have a range in depths of origin. The garnets of 
normal silica content have an origin at depths shallower than 200km and are 
indistinguishable from eclogite paragenesis garnets from other localities. The 
high-silica garnets indicate a greater depth of origin from 200 to 400km. 
The oxide and non-garnet silicate inclusions from Sao Luiz (Chapter 7) 
have a much deeper origin, with CaSiO3 composition phases likely to originate at 
depths greater than 450km and magnesiowustite inclusions probably originating 
at depths greater than 650km. 
On the basis of mineralogy the mineral inclusions from Sao Luiz represent 
a new assemblage of minerals which relate to different depth zones in the mantle. 
The garnet inclusions have similar compositions to eclogite paragenesis garnets, 
but have higher silica contents, these diamond can be termed "gametiferous" 
because they contain mainly garnet (garnet and pyroxene would be expected in 
eclogite paragenesis diamond) and originate in an area of the mantle where 
garnet-structured minerals are an important phase. 
The inagnesiowustites show a range in Fe/Fe + Mg ratios from 0.16 to 
much more iron rich values of 0.61. The colourless inclusions include CaSiO3 
composition phases, which are not normally found as a diamond inclusion. These 
inclusions form a separate paragenesis, dominated by magnesiowustite, and can 
be termed the "magnesiowustite" suite. 
The are some mineralogical and chemical differences in the inclusions and 
the compositions that might be expected for the mantle. The magnesiowustites 
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have compositions that are more iron rich than would be expected in the pyrolite, 
harzburgite or eclogite mantle models. CaSiO3 composition phases would only be 
expected to form over a small depth range 450 to 500km because at depths greater 
than 550km calcium enters into the Ca2Al2SiO7 phase. The CaSi03 phases at 
Sao Luiz may have formed at depths greater than 650km if bulk aluminium 
contents were low. At depths greater than 650km, perovskite structured enstatite 
would be expected to form most of the mantle, yet no inclusions of this 
composition have been recovered from the Sao Luiz diamonds. 
These observations provide two distinct environments for the origin of the 
Sao Luiz diamonds; for the shallow diamonds (up to 450km) the origin of the 
diamonds may be from a smelt from pyrolite or eclogite compositions. For deeper 
diamonds, formation by be through the direct melting of primary, peridotite, 
mnantle. Both these possibilities are considered below. 
Basaltic liquids may crystalise to produce eclogites at high pressure (e. g 
O'Hara & Yoder, 1967). Scarfe and Takahashi (1986) have studied the melting of 
a sheared periodotite, that approximates to a pyrolite mantle composition, at high 
pressure. The liquids produced are calcium and iron rich relative to the starting 
composition. Scarfe and Takahashi have shown that at high pressures such melts 
will crystalise to forum high-silica garnets of similar compositions to those found 
in diamonds from Monastery mine by Moore and Gurney (1985). 
Ohtani et al. (1986) carried out experimental work on the melting of 
chondritic mantle compositions in the system CFMAS. At pressures of up to 
15Gpa olivine is the liquidus phase with olivine, ortliopyroxene and gannet as the 
subsolidus assemblage. Above 15Gpa majorite (high-silica garnet) is the liquidus 
phase with majorite and ß-olivine as the subsolidus assemblage. Figure 8.1 shows 
the Ca/Al ratios for the starting compositions of Olitani et at and that of liquidus 
majorite at 20Gpa. The Hielt is clearly most enriched in calcium relative to the 
starting composition. Given that virtually all of the calcium and aluminium is 
located in the majorite or Hielt at these pressure, the majorite crystals must 
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Fig 8.1 
Ca/Al and AI/Si Ratios for Sao Luiz Carnetiferous Inclusions. 
Ca/Al and Al/Si values are shown for Group IA (open squares), Group ID 
(filled squares) and Group IIB (open circles) garnetiferous inclusions. Also 
shown are high-silica garnets that coexist with experimental melts of 
chondritic starting compositions at high pressure (closed circles) (Ohtani et 
al., 1986). On melting of chondritic material with high initial Ca/Al ratio, the 
liquidus phase is a high silica garnet of low Ca/Al value. The Ca/Al ratio of 
the liquid increases during crystallisation of the high silica garnet. 
249 
develop higher Ca/Al with progressive crystallisation of the liquid until they 
match the bulk Ca/Al at the point of final disappearance of the liquid. The Sao 
Luiz high-silica garnets have Ca/Al ratios that range from 0.33 to 0.75 (compared 
with a bulk starting value for the mantle of 0.8) and could have formed from the 
crystallisation of a melt from a chrondrite in the lower part of the upper mantle. 
The Al/Si ratio of these phases are different from those anticipated by 
crystallisation of melts from chondrite, it is possible that if b-olivine is 
precipitated as well as garnet-structured phases then the Al/Si ratios may differ 
from those determined experimentally. 
K et al. (1988) show that Y, Zr, lib and flf partition into such melts 
produced at high pressure. Some of the Zr and Y contents of the Sao Luiz 
inclusions are moderately enriched (sample/chondrite values > 1.0) and suggests 
an origin consistent with small degrees of melt direct from a pyrolite mantle 
source. 
In deeper diamonds magnesiowustite inclusions have higher Fe/Fe+Mg 
values (0.16 to 0.61) than would be expected from the mantle below 650km. Also 
the assemblage of magnesiowustite and silica is only stable with more iron rich 
bulk compositions according to experimental studies (see, for example, figure 
7.4). Below 650km the mantle is predicted to consist of perovskite structured 
(Mg, Fe)Si03, with an Fe/Mg+Fe ratio of 0.2 (Ringwood, 1982). No inclusions of 
(Mg, Fe)Si03 composition were recovered from the Sao Luiz diamonds. This lack 
of perovskite-structured (Mg, Fe)Si03 may be associated with a high Pe/Ce+Mg 
value, since phase equilibrium studies show perovskite-structured (Mg, Fe)Si03 is 
restricted to magnesium rich compositions. 
The Sao Luiz magnesiowustites can be compared with studies of melting 
processes in the deep mantle such as those studied by Ito and Takahashi (1987). In 
this study the sub-solidus assemblage for pyrolite compositions consists of 
perovskite-structured (Mg, Fe)Si03 and magnesiowustite. Calcium and aluminium 
















Melting Relationships in the System reO-Si02-MgO. 
The melting relationships of a perovskite (Mg0 9Fe0 1SiO3) are shown (Fleinz 
& Jeanloz, 1987) at pressures equivalent to 650km. The products of melting 
are perovskite (Pv) and a more iron rich glass. The phases present at high 
pressure are magnesiowustite, stishovite and perovskite. Melts of mantle 
perovskite would be expected to yield iron-rich and could crystalise stishovite, 
iron-rich perovskite and iron-rich magnesiowustite. The assemblages from Sao 
Luiz are shown as a shaded area of magnesiowustite and a tie line between 
stishovite and magnesiowustite. 
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melting calcium and iron partition into the melt, as is also shown by Watt and 
Ahrens (1982), whilst aluminium and magnesium remain in the perovskite- 
structured residue (Kao et al., 1988). 
The experimental melting of a perovskite-structured enstatite of 
(Mg0 9Ce0 1)Si03 composition by Heinz and Jeanloz (1987) produced an iron 
rich glass at pressures equivalent to 650km, this relationships is shown in figure 
8.2. In the lower part of figure 8.2 the range of magnesiowustite compositions 
found in Sao Luiz diamonds is shown together with a tie line between the single 
coexisting magnesiowustite and silica. Heinz and Jeanloz's phase diagram for the 
system FeO-Si02-MgO shows that melts from perovskite structured mantle might 
be expected to crystalise iron rich magnesiowustites and possibly Si02, as they 
cool towards a eutectic point, whether this provides an explanation for the Sao 
Luiz compositions is unclear because the experimental data provide no 
information on the coexisting liquid and mineral phase compositions. 
In more complicated systems which involve calcium, the calcium might 
also be expected to partition into the melt. Thus with differentiation, CaSiO3 
composition phases would be expected to precipitate from the liquid. The 
abundance of CaSiO3 composition pleases at Sao Luiz may therefore fit with a 
hypothesis involving formation of diamond in differentiated perovskite melts. 
8.2 Redox conditions. 
In the magnesiowustite group there are two important inclusion 
compositions in the Sao Luiz diamonds that provide particular information on the 
redox conditions of formation. These are magnesiowustites (MgO/PeO) and 
moissanite (SiC). Of particular importance is that within the magnesiowustites 
there are small inclusions of iron nickel alloy. Because this alloy must coexist 
with the wustite component of the magnesiowustite their relationship typifies the 
reaction between ferrous and metallic iron in the iron-wustite buffer (IW): 
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Fig 8.3 
Lo91'02 - Xc Diagram for 1400()C at 30Kbar. 
The oxygen fugacity and the Xc (C/C+112) values show the stabilities for 
carbon-bearing species expected over a wide range of oxygen fugacity 
conditions. The iron-wustite buffer is shown as a broken line. The carbon 
saturation curve divides the diagram into two areas (from Taylor, 1986). To 
the left of the carbon saturation curve carbon only exists in a fluid (as CII4 or 
C02, depending on f02). To the right of this curve carbon, as graphite or 
diamond, can coexist with fluid. Carbon can be precipitated under very 
reduced conditions by an increase in the C/C+II2 ratio (by 112 loss) and it is 
possible that some of the deep Sao Luiz diamonds formed in this way. Most 
silicon is stable as silica (SiO2), except for very reduced conditions where 
silicon carbide is stable (SiC), as shown. 
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The iron-nickel alloy inclusions were too small to enable any calculations of the 
f02 to be made. Moissanite will only be stable under very reduced redox 
conditions, usually -8 log f02 units less than IW at 1000°C (Taylor, 1986). Under 
such conditions this mineral can be precipitated by silica reduction reactions such 
as: 
Si02+C=SiC+02 
Reactions such as: 
Si02+CI14=SiC+21120 
are unlikely to be important, since 1120 will not be a stable species in the gas 
phase at such low oxygen fugacities, as can be seen in figure 8.3. 
Figure 8.3 shows the redox state plotted against the amount of carbon 
present (C/C+112). Frost (1979) has shown that as C/C+112 increases at a constant 
f02 the carbon precipitation curve is reached and carbon is precipitated (either as 
graphite or diamond). According to Taylor (1986) the C/C+I12 ratio can be 
increased by loss of 112 from the mantle and carbide may form under particularly 
reduced conditions. The deep Sao Luiz inclusions may have therefore precipitated 
as a result of 112 loss rather than by a change in oxygen fugacity. Taylor (1986) 
has pointed that the presence of silicon carbide (SiC) can indicate that primoidal 
carbide was incorporated into the earth during accretion. It is more likely, 
however, that carbide formed in a reduced C114-112 fluid because it is doubtful 
that carbide would remain stable in a relatively oxidised mantle throughout the 
age of the earth. Brett (1984) also suggests that such a reduced fluid may indicate 
a redox equilibrium between the lower mantle and the metallic earth core and 
again indicates very reduced conditions for diamond formation. 
At depths shallower than 650km the oxidation state of the mantle is 
difficult to determine because none of the inclusions in the garnetiferous group at 
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Sao Luiz are minerals that occur in synthetic buffers. The range of oxygen 
fugacity conditions for asthenosphere derived material implies values of between 
the QFM and IW (see also Chapter 5). From figure 8.3 it can be seen that under 
these conditions an increase in the of -2 log f02 units from IW (broken line) will 
precipitate carbon. Under such f02 conditions carbide phases will not be stable. 
Below 400km the oxygen fugacity is controlled by the iron content in 
olivine phases. Saxena (1989) has shown that ferrous iron (Fe2+) can control both 
the amount of CH4 and carbon present through the following equilibria: 
C+ 21120 = C114 + 02 (1) 
2Fe + 02 = 2FeO (2) 
FeSiO3 + FeO = Fe2SiO4 (3) 
Through reaction 1, methane increases to form 80% of the vapour present 
at the expense of carbon as diamond (Saxena, 1980). The iron content of olivine 
remains virtually constant and only increases from Fo87 to Fo86, this value being 
the maximum iron saturation. 
Within the asthenosphere high-silica garnet phases will be stable at depths 
between 200 and 400km and at these depths, as suggested by Haggerty and 
Tompkins (1983), the asthenosphere may be relatively oxidised. Between 400 and 
650km, where olivine compositions are stable, methane will probably be the 
dominant carbon-bearing species. The interface of Clio from the base of the 
asthenosphere to the more oxidised areas at the top of the asthenosphere may 
therefore cause carbon precipitation and the formation of gametiferous diamonds 
at Sao Luiz. 
The studies of the carbon isotopes of Sao Luiz diamonds were insufficient 
to establish the effects of redox conditions on diamond precipitation. The 
diamonds containing garnet inclusions had a range of S 13C compositions with 
values less than the assumed mantle composition. These values may suggest a 
number of separate carbon reservoirs in the asthenosphere. However, the 8 13C 
values are also consistent with the values that would be expected from carbon 
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precipitation by C02 reduction reactions and could have formed at the interfaces 
of reduced and relatively oxidised areas of the asthenosphere. The diamonds 
which contain deeper inclusions have S 
13C that are close to the assumed mantle 
compositions. These values are consistent with an origin by Cl-14 reactions, 
possibly involving 112 loss. 
8.3 Mantle Dynamics. 
Within the deep mantle melts will probably propagate along grain 
boundaries. If diamonds form from such melts, then a transport mechanism is 
required to transfer these diamonds either to the base of the lithosphere, or to a 
position in the asthenosphere, where they can be sampled by kimberlites or 
lamproites. The most likely two mechanisms proposed are; a) convecting cells 
within the mantle, or b) migrating melts from the mantle. 
There has been much recent debate concerning the possibility of whole 
mantle convection. If this kind of convection does occur covering a range from 
2700kin to 200km then diamonds originating below 650km could well become 
incorporated in convection cells. 
Lees et al. (1983) and Richter and Jeanloz (1979) have suggested that the 
650km seismic discontinuity results from chemical differences in the perovskite- 
structured mantle. Richter and McKenzie (1981) have calculated that a difference 
in density of 2% between the upper and lower muffle is sufficient to prevent 
whole mantle convection. It seems unlikely therefore that diamonds have been 
transported frone below 650km by such a mechanism. 
The migration of primitive lower mantle as melt has been suggested as a 
mechanism for formation of ocean island basalts (0113) and continental flood 
basalts (see, for example, Menzies & IIawksworth, 1987 and Hoffman and White, 
1982). Such melts, if they migrate as diapirs, may transport diamonds with them. 
Olsen and Yuen (1982) have suggested that the melts derived from the lower 
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mantle only need to be 4% lighter than the surrounding perovskite in order to 
breach the 650kni discontinuity. 
8.4 Summary. 
The diamonds from Sao Luiz formed over a great range of depth under 
different redox conditions. Within the asthenosphere. There are two distinct 
groups, diamonds containing garnet-like inclusions (garnetiferous) formed 
between 200 and 400km, with precipitation at the interface between oxidised and 
reduced astlienosphere. Diamonds which are dominated by oxide and non-garnet 
silicate inclusions (magnesiowustite) originate at depths from 450km to below 
650knn. Most of these diamonds are formed under very reduced conditions, 
probably as a result of partial melts from perovskite-structured mantle. Diamond 
precipitation is probably by 112 loss from CII4. The mechanism for transporting 
these diamonds to higher levels is unknown, but it is possible that migrating 
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Appendix 1. 
The averaged, tabulated analyses for Bultfontein inclusions are shown. Chemical 
analyses were determined by wave dispersive (WDS) X ray analysis. Inclusions 
which were identified by energy dispersive (EDS) analysis are not shown. 
C111'O1111les. 
B1A B2A B2D B2E B3A 1138 
MGO 13.53 13.53 15.98 16.32 15.85 15.69 
S102 0.00 0.00 0.10 0.00 0.00 0.00 
AL203 6.80 7.10 9.80 8.60 8.60 8.60 
T102 0.07 0.06 0.03 0.04 0.03 0.01 
CR203 64.70 64.30 63.90 65.10 65.00 65.20 
Fl? 0 14.40 13.81 9.91 9.73 10.04 10.01 
N IO 0.09 0.07 0.11 0.07 0.09 0.10 
TOTAL 99.59 98.87 99.83 99.86 99.61 99.61 
st 0.02 0.02 0.03 0.02 0.02 0.02 
TI 0.00 0.00 0.00 0.00 0.00 0.00 
AL 2.10 2.20 2.90 2.60 2.60 2.60 
CR 13.00 13.00 12.00 13.00 13.00 13.00 
FE2 2.68 2.69 1.98 1.79 1.98 1.98 
FE3 0.42 0.31 0.12 0.21 0.12 0.12 
MG 5.30 5.30 6.00 6.20 6.00 6.00 
NI 0.02 0.01 0.02 0.01 0.02 0.02 
TOTAL 23.54 23.53 23.05 23.83 23.74 23.74 
F/F+M 0.37 0.36 0.26 0.24 0.26 0.26 
B6A B7B B 1OA BLOB B 11A B 12A 
MG O 13.49 14.82 16.41 14.65 14.83 14.53 
S102 0.00 0.00 0.00 0.00 0.00 0.00 
AL203 7.80 7.80 8.40 7.18 7.40 7.00 
T102 0.17 0.11 0.06 0.28 0.17 0.25 
CR203 63.70 64.80 64.80 64.53 65.30 65.50 
FEO 14.28 11.98 9.59 12.19 11.64 12.12 
N10 0.10 0.07 0.13 0.11 0.08 0.10 
TOTAL 99.54 99.58 99.39 99.93 99.42 99.50 
si 0.00 0.02 0.02 0.02 0.02 0.01 
1111 0.00 0.00 0.00 0.00 0.00 0.00 
Al, 2.40 2.10 2.50 2.20 2.20 2.10 
CR 13.00 13.00 13.00 13.00 13.00 13.00 
FE2 2.78 2.29 1.77 2.28 2.28 2.38 
F1's3 0.32 0.31 0.23 0.32 0.22 0.22 
MG 5.20 5.70 6.20 5.70 5.70 5.60 
NI 0.02 0.01 0.03 0.02 0.02 0.02 
TOTAL 23.72 23.73 23.75 23.54 23.44 23.33 
F/F+M 0.37 0.31 0.24 0.31 0.30 0.32 
Chromiles 
B12B B13A B13B B15A B18A ß19A 
MGO 15.68 13.95 16.38 15.96 15.89 16.45 
S102 0.10 0.10 0.10 0.00 0.07 0.00 
AL203 7.90 7.40 9.30 8.50 8.77 8.70 
T102 0.05 0.91 0.03 0.05 0.07 0.05 
CR203 64.60 64.90 64.60 65.20 64.68 65.50 
FEO 11.22 13.55 9.60 9.82 9.36 9.52 
N10 0.12 0.10 0.12 0.10 0.11 0.13 
TOTAL 99.67 100.91 100.13 99.63 98.95 100.35 
st 0.03 0.02 0.04 0.02 0.02 0.02 
TI 0.00 1.60 0.00 0.00 0.00 0.00 
AL 2.40 2.00 2.80 2.50 2.60 2.60 
CR 13.00 12.00 12.00 13.00 13.00 13.00 
FE2 1.98 3.18 1.78 1.88 1.88 1.77 
FE3 0.42 0.58 0.22 0.22 0.12 0.23 
MG 6.00 4.80 6.20 6.10 6.10 6.20 
NI 0.02 0.02 0.02 0.02 0.02 0.03 
TOTAL 23.85 23.04 23.06 23.74 23.74 23.85 
F/F+M 0.29 0.35 0.24 0.26 0.25 0.24 
B20A B21A B21B B22A B25A B26A 
MG O 15.53 16.35 15.71 16.49 15.47 13.97 
S102 0.00 0.10 0.08 0.00 0.00 0.00 
AL203 7.40 8.60 8.36 8.70 8.35 7.20 
'1'102 0.00 0.01 0.05 0.06 0.03 0.05 
C1Z203 65.30 64.60 64.81 65.20 64.75 64.50 
FEO 11.68 9.62 9.57 9.75 10.20 13.34 
N1O 0.13 0.11 0.40 0.12 0.09 0.09 
TO'1'AL 100.04 99.39 98.98 100.32 98.88 99.15 
si 0.02 0.03 0.02 0.02 0.02 0.02 
1111 0.00 0.00 0.00 0.00 0.00 0.00 
AL 2.20 2.60 2.50 2.60 2.50 2.20 
CR 13.00 13.00 13.00 13.00 13.00 13.00 
l' E2 2.07 1.78 1.92 1.78 2.08 2.58 
FE3 0.43 0.22 0.08 0.22 0.12 0.32 
MG 5.90 6.20 6.00 6.20 5.90 5.40 
NI 0.03 0.02 0.08 0.02 0.02 0.02 
TOTAL 23.65 23.85 23.60 23.84 23.64 23.54 
F/F+M 0.30 0.24 0.25 0.24 0.27 0.35 
Chromi(es 
B27A B28A B29A B3OA B31A B32A 
MGO 16.46 14.47 15.87 15.70 14.98 16.22 
S[02 0.00 0.00 0.00 0.00 0.00 0.00 
A1.203 8.90 6.40 7.80 8.70 6.50 8.90 
1'102 0.06 0.03 0.02 0.07 0.01 0.08 
CR203 04.50 66.00 64.50 64.60 66.00 64.20 
P130 9.69 11.95 10.05 10.33 11.31 9.72 
NIO 0.11 0.08 0.11 0.09 0.09 0.14 
TOTAL 99.72 98.93 98.35 99.49 98.89 99.26 
si 0.02 0.02 0.02 0.01 0.02 0.02 
1111 0.00 0.00 0.00 0.00 0.00 0.00 
AL 2.60 1.90 2.40 2.60 2.00 2.70 
CR 13.00 13.00 13.00 13.00 13.00 13.00 
P132 1.78 2.38 1.88 1.98 2.18 1.77 
P133 0.22 0.22 0.22 0.22 0.22 0.23 
MG 6.20 5.60 6.10 6.00 5.80 6.20 
NI 0.02 0.02 0.02 0.02 0.02 0.03 
TOTAL 23.84 23.14 23.64 23.83 23.24 23.95 
r/r+M 0.24 0.32 0.26 0.27 0.29 0.24 
1333A BI 17A B 117B B 118B B 1188 B 118C 
MG O 14.99 13.57 13.58 15.19 15.20 15.37 
S102 0.10 0.00 0.00 0.00 0.00 0.00 
AL203 7.70 7.00 6.90 7.60 7.70 7.80 
'1102 0.07 0.04 0.04 0.27 0.29 0.27 
CR203 65.50 66.00 65.80 65.80 65.60 65.10 
P130 10.45 13.18 13.19 10.65 10.73 10.76 
N10 0.11 0.06 0.10 0.14 0.10 0.14 
TOTAL 98.92 99.85 99.61 99.65 99.62 99.44 
si 0.04 0.02 0.02 0.02 0.01 0.01 
TI 0.00 0.00 0.00 0.00 0.00 0.00 
AL 2.30 2.10 2.10 2.30 2.30 2.40 
CR 13.00 13.00 13.00 13.00 13.00 13.00 
17132 2.18 2.79 2.68 2.17 2.18 2.07 
1133 0.02 0.01 0.12 0.13 0.12 0.23 
MG 5.80 5.20 5.30 5.80 5.80 5.90 
N1 0.02 0.01 0.02 0.03 0.02 0.03 
TOTAL 23.36 23.13 23.24 23.45 23.43 23.64 
r/P+M 0.27 0.35 0.35 0.28 0.28 0.28 
Chromilrs 
BI19A I3 120A B12OB B121A B121B B122A 
MGO 15.65 14.13 13.40 14.30 14.68 14.63 
S102 0.20 0.00 0.00 0.00 0.00 0.00 
AL203 8.10 6.80 7.70 7.80 6.90 7.50 
'1102 0.02 0.16 0.19 0.12 0.08 0.05 
CR203 65.30 66.30 66.60 66.30 66.50 66.50 
FEO 9.81 12.11 12.23 11.30 11.43 11.32 
N1O 0.13 0.09 0.06 0.11 0.06 0.08 
TOTAL 99.21 99.59 100.18 99.93 99.65 100.08 
si 0.06 0.01 0.01 0.01 0.02 0.02 
11'1 0.00 0.00 0.00 0.00 0.00 0.00 
AL 2.40 2.10 2.30 2.40 2.40 2.30 
CR 13.00 13.00 13.00 13.00 15.00 13.00 
FE2 1.97 2.48 2.89 2.48 5.99 2.38 
IP E3 0.13 0.12 0.29 0.08 3.19 0.02 
MG 6.00 5.50 5.10 5.50 2.00 5.60 
N1 0.03 0.02 0.01 0.02 0.01 0.02 
TOTAL 23.59 23.23 23.02 23.33 22.23 23.34 
F/F+M 0.26 0.32 0.34 0.30 0.58 0.30 
Carnets 
B34A B35A B39A B 101A B 103A B 105A 
NA2O 0.01 0.02 0.02 0.01 0.01 0.01 
MGO 24.65 25.06 23.82 26.19 24.58 25.67 
S102 42.62 42.54 43.41 43.50 42.24 42.67 
A L203 17.74 20.45 21.24 21.65 17.24 18.13 
CAO 1.04 1.31 2.53 0.97 0.71 0.95 
T102 0.04 0.00 0.02 0.00 0.00 0.01 
CR203 8.72 5.41 3.75 3.75 9.36 8.52 
MNO 0.24 0.19 0.23 0.21 0.26 0.23 
CEO 4.93 4.71 5.19 4.61 5.40 4.73 
TOTAL 99.99 99.69 100.11 100.89 99.80 100.92 
sl 3.02 2.99 3.04 3.00 3.01 3.00 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 
AL 1.48 1.70 1.75 1.76 1.45 1.50 
CR 0.49 0.30 0.21 0.20 0.53 0.47 
FE2 0.29 0.28 0.30 0.27 0.32 0.28 
MN 0.01 0.01 0.01 0.01 0.02 0.01 
MG 2.61 2.63 2.48 2.69 2.61 2.69 
CA 0.08 0.10 0.19 0.07 0.05 0.07 
TOTAL 7.99 8.01 7.98 8.01 8.00 8.02 
B105A B106A B114A B115A B116B B123A 
NA2O 0.01 0.01 0.02 0.02 0.02 0.02 
MGO 25.67 24.87 23.71 25.45 25.23 24.85 
S102 42.53 42.76 41.68 42.57 42.31 42.46 
A L203 18.13 18.07 14.03 19.09 17.99 19.22 
CAO 0.95 0.89 1.60 0.97 0.78 1.08 
T102 0.01 0.00 0.06 0.00 0.01 0.01 
CR203 8.52 8.53 12.65 6.89 8.81 6.43 
MNO 0.23 0.00 0.00 0.22 0.27 0.23 
FEO 4.73 4.67 5.51 4.28 4.56 4.76 
TOTAL100.78 99.80 99.26 99.49 99.98 99.06 
sl 2.99 2.99 3.03 3.01 3.00 3.02 
TI 0.00 0.00 0.00 0.00 0.00 0.00 
AL 1.50 1.52 1.20 1.59 1.50 1.61 
CR 0.47 0.48 0.73 0.38 0.49 0.36 
FE2 0.28 0.28 0.33 0.25 0.27 0.28 
MN 0.01 0.00 0.00 0.01 0.02 0.01 
MG 2.69 2.65 2.57 2.68 2.66 2.63 
CA 0.07 0.07 0.12 0.07 0.06 0.08 
TOTAL 8.02 8.00 8.00 8.00 8.00 8.00 
Carnets 
B 124A B 128B B 149A B 149B B 150A 
NA2O 0.02 0.02 0.01 0.02 0.00 
MGO 23.18 25.37 24.19 24.53 25.96 
S102 41.84 42.75 40.12 41.70 42.56 
A L203 15.73 18.96 16.73 16.87 20.18 
CAO 2.37 0.71 2.97 2.93 2.32 
T102 0.08 0.00 0.08 0.09 0.03 
CR203 11.05 7.01 9.95 9.95 5.56 
MNO 0.28 0.21 0.23 0.23 0.20 
FEO 4.89 4.17 4.48 4.59 4.72 
TOTAL 99.44 99.20 98.76 100.91 101.530 
SI 3.02 3.02 2.92 2.96 2.90 
TI 0.00 0.00 0.00 0.00 0.00 
AL 1.34 1.58 1.44 1.41 1.78 
CR 0.63 0.39 0.57 0.56 0.30 
FE2 0.30 0.25 0.27 0.27 0.27 
MN 0.02 0.01 0.01 0.01 0.01 
MG 2.49 2.68 2.62 2.60 2.63 
CA 0.18 0.05 0.23 0.22 0.17 
TOTAL 7.99 7.99 8.07 8.04 8.06 
olivines. 
B42A B57A B67A B70B B74A B 131A 
MGO 51.99 51.75 53.18 51.68 50.72 52.86 
S102 41.63 41.53 41.58 40.78 41.03 41.96 
A L203 0.00 0.05 0.02 0.03 0.03 0.02 
CAO 0.00 0.01 0.00 0.01 0.04 0.00 
T102 0.00 0.00 0.00 0.01 0.00 0.00 
CR203 0.01 0.05 0.06 0.05 0.03 0.06 
MNO 0.08 0.09 0.08 0.08 0.11 0.07 
FEO 4.92 5.41 4.48 5.81 6.76 4.69 
N1O 0.36 0.35 0.31 0.32 0.32 0.39 
TOTAL 99.10 99.24 99.71 98.77 99.07 100.05 
SI 1.01 1.11 1.00 1.00 1.00 1.01 
AL 0.00 0.00 0.00 0.00 0.00 0.00 
CR 0.00 0.00 0.00 0.00 0.00 0.00 
FE2 0.10 0.10 0.09 0.12 0.14 0.09 
MN 0.00 0.00 0.00 0.00 0.00 0.00 
MG 1.88 1.67 1.91 1.88 1.85 1.89 
CA 0.00 0.00 0.00 0.00 0.00 0.00 
TOTAL 2.99 2.88 3.00 3.00 2.99 2.99 
B 132A B 133A B 136A 
MGO 52.74 51.63 51.46 
S102 41.33 41.32 40.89 
AL203 0.04 0.01 0.02 
CAO 0.00 0.00 0.00 
T102 0.00 0.01 0.01 
CR203 0.01 0.08 0.04 
MNO 0.06 0.01 0.08 
FEO 4.27 5.73 6.15 
NIO 0.37 0.39 0.23 
TOTAL 98.87 99.18 99.88 
si 1.00 1.00 1.00 
AL 0.02 0.00 0.00 
CR 0.00 0.00 0.00 
11: 2 0.12 0.12 0.12 
MN 0.02 0.00 0.00 
MG 1.86 1.87 1.87 
CA 0.00 0.00 0.00 
TOTAL 3.00 2.99 3.00 
Orthopyroxenes. 
B48A B70A B70C B78A B 111 C B 129A 
NA2O 0.05 0.36 0.04 0.00 0.02 0.04 
MGO 36.97 35.89 35.98 37.04 36.87 36.52 
S102 58.11 57.39 57.98 57.26 58.32 58.17 
AL203 0.17 0.95 0.92 0.67 0.86 0.96 
CAO 0.23 0.36 0.32 0.18 0.11 0.12 
T102 0.00 0.02 0.03 0.00 0.00 0.00 
CR203 0.08 0.75 0.69 0.39 0.67 0.72 
MNO 0.07 0.95 0.09 0.07 0.07 0.09 
FEO 3.42 3.44 3.53 3.13 2.59 2.70 
NIO 0.18 0.12 0.10 0.13 0.13 0.13 
TOTAL 99.28 100.23 99.68 98.87 99.64 99.35 
si 1.99 1.96 1.98 1.97 1.99 1.99 
AL 0.01 0.04 0.04 0.03 0.03 0.04 
CR 0.00 0.02 0.02 0.01 0.02 0.02 
FE2 0.10 0.10 0.10 0.09 0.07 0.08 
MN 0.00 0.03 0.00 0.00 0.00 0.00 
MG 1.89 1.83 1.83 1.90 1.87 1.86 
CA 0.01 0.01 0.01 0.01 0.00 0.00 
TOTAL 4.00 4.00 3.99 4.01 3.99 3.98 
B 139A B 140A B 141A B 143A B 146A 
NA2O 0.00 0.02 0.03 0.03 0.02 
MGO 36.91 36.83 35.87 35.77 36.51 
S102 57.66 57.95 57.93 57.69 57.81 
AL203 0.82 0.94 0.86 0.77 0.84 
CAO 0.00 0.18 0.30 0.41 0.17 
T102 0.00 0.18 0.28 0.05 0.02 
C1Z203 0.65 0.64 0.70 0.58 0.66 
MNO 0.08 0.08 0.10 0.10 0.07 
FEO 2.58 2.64 3.28 3.49 3.45 
N10 0.11 0.15 0.10 0.11 0.08 
TOTAL 98.81 99.61 99.45 99.00 99.63 
st 1.98 1.98 1.98 1.99 1.98 
T1 0.00 0.00 0.01 0.00 0.00 
AL 0.03 0.04 0.03 0.03 0.03 
CR 0.02 0.02 0.02 0.02 0.02 
FE2 0.07 0.07 0.09 0.10 0.10 MN 0.00 0.00 0.00 0.00 0.00 
MG 1.89 1.87 1.83 1.84 1.86 
CA 0.00 0.01 0.01 0.02 0.01 























































































































TOTAL 3.82 3.94 8.08 
Appendix 2. 
The infra red absorption at 7.3µm and the values of the A and B aggregate are 
shown together with the 8 
'3C composition. Diamonds which show no absorption 
are Type 1I. 
Chromfites. 
A(ppm) li(ppm) µ7.3 8 13C 
BI 789.4 359.0 7.1 -2.50 
B3 747.1 607. () 1.2 -2.79 
B4 315.7 54.0 3.7 -4.70 
B5 147.5 122.0 0.7 -2.01 
116 92.9 48.0 0.9 -4.35 
B7 134.5 94.0 1.4 -2.50 
B8 141.1 65.0 1.6 -5.98 
B9 273.8 14.0 2.2 -5.73 
B10 90.0 58.9 0.3 -1.86 
B11 490.7 203.0 0.5 -1.86 
B 12 448.7 340.0 7.8 -5.97 
B13 45.0 29.4 0.6 -5.78 
B 14 70.2 9.0 0.4 -4.28 
B15 521.1 40.2 3.8 -4.79 
B18 249.7 54.4 1.8 -4.77 
B 19 Type 11 -4.65 
B20 236.4 154.5 1.8 -4.85 
B21 109.2 36.2 0.9 -4.75 
B22 53.8 33.6 1.2 -4.51 
B23 290.2 113.2 6.1 -0.48 
B24 411.8 33.9 9.0 -1.07 
B27 567.4 156.3 4.1 -4.62 
B29 356.5 274.4 4.4 -2.88 
B33 172.5 28.9 0.5 -1.74 
Chrome 1'yrope Garnets. 
A(ppm) IS(ppiin) p7.3 8 13C 
1134 101.1 116.9 1.4 -4.58 
B36 104.4 54.35 1.0 -5.04 
B 103 266.4 18.2 0.4 -6.39 
B 105 Type 11 -6.17 
B 106 28.5 18.12 2.2 -6.46 
Olivine and Orlhopyroxene. 
A(ppm) li(ppm) µ7.3 6 13C 
B46 28.66 268.4 2.6 -4.46 
B50 215.9 0.0 1.0 -3.77 
B54 92.0 114.1 0.4 -4.78 
B57 162.5 8.6 2.2 -3.78 
B56 87.5 18.2 1.2 -4.65 
B60 Type II -5.54 
B63 30.2 184.6 1.4 -5.41 
B64 Type II -4.59 
B65 725.3 253.6 4.4 -5.48 
B66 Type II -4.81 
B67 968.0 181.2 5.0 -5.10 
1369 248.8 95.11 1.6 -5.35 
B71 6.4 88.6 1.8 -5.23 
Chrome Diopsides. 
A(ppm) BB(ppm) p7.3 8 13C 
134() 77.4 56.9 1.2 -3.90 
B42 804.1 54.6 1.8 -5.11 
Sulphides. 
A(ppin) lz(ppm) µ7.3 8 13C 
B95 745.3 126.8 1.8 -5.56 
1388 855.7 108.7 3.2 -4.73 
1389 1562.0 181.2 4.5 -5.12 
1390 Type 11 -1.77 
B92 1150.0 317.9 0.6 -4.06 
B96 109.4 185.7 2.4 -5.64 
B98 130.2 81.9 0.8 -5.16 
B99 116.7 108.1 0.6 -7.96 
Appendix 3 
Garnet-bearing diamonds from Sao Luiz. 
Appendix 3.1 
Individual tabulated analyses for Sao Luiz gametiferous inclusions. All chemical 
compositions were determined by wave dispersive X-ray analysis. 
Croup IA Carnets. 
BZ4 1 BZ4 3 BZ4 4 BZ4 5 BZI 11 BZI 12 
NA20 0.25 0.29 0.27 0.26 0.48 0.43 
MG O 10.40 10.67 10.62 10.68 9.13 9.01 
S102 39.10 39.60 39.70 39.40 39.40 39.60 
P205 0.19 0.18 0.19 0.19 0.33 0.34 
AL203 20.59 21.51 21.61 21.63 0.94 20.75 
K20 0.02 0.00 0.00 0.00 0.00 0.02 
CAO 12.84 12.89 12.93 12.94 13.88 13.70 
T102 1.14 1.13 1.15 1.14 1.95 1.96 
CR203 0.10 0.08 0.09 0.11 0.05 0.06 
MNO 0.27 0.27 0.29 0.29 0.32 0.31 
FEO 13.00 13.06 13.10 12.89 13.69 13.75 
97.90 99.69 99.94 99.52 100.17 99.92 
SI 2.98 2.96 2.96 2.95 2.95 2.97 
TI 0.07 0.06 0.06 0.06 0.11 0.11 
AL 1.85 1.89 1.90 1.90 1.85 1.83 
CR 0.01 0.00 0.00 0.01 0.00 0.00 
FE2 0.83 0.81 0.82 0.81 0.86 0.86 
MN 0.02 0.02 0.02 0.02 0.02 0.02 
MG 1.18 1.19 1.18 1.19 1.02 1.01 
CA 1.05 1.03 1.03 1.04 1.11 1.10 
NA 0.02 0.02 0.02 0.02 0.03 0.03 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.01 0.02 0.02 
TOTAL 8.00 8.01 8.00 8.01 7.98 7.96 
BZII4 ßZ115 BZ1I5 BZI17 BZ118 13Z441 
NA2O 0.50 0.46 0.50 0.46 0.53 0.53 
MG O 9.18 9.11 9.24 9.07 9.39 9.04 
S102 40.00 39.20 39.80 39.30 39.00 38.90 
P205 0.33 0.33 0.30 0.33 0.33 0.19 
AL203 21.03 21.04 21.34 20.81 21.23 19.43 
K20 0.00 0.01 0.01 0.01 0.00 0.00 
CAO 13.77 13.73 13.67 13.72 13.79 13.93 
T102 1.94 1.94 1.95 1.97 1.94 3.87 
CR203 0.04 0.05 0.06 0.05 0.02 0.08 
MNO 0.32 0.32 0.34 0.30 0.30 0.31 
FEO 13.76 13.68 13.89 13.94 13.68 13.34 
100.88 99.87 101.09 99.96 100.21 100.21 
st 2.97 2.95 2.95 2.95 2.92 2.92 
TI 0.11 0.11 0.11 0.11 0.11 0.22 
AL 1.84 1.86 1.86 1.84 1.87 1.72 
CR 0.00 0.00 0.00 0.00 0.00 0.00 
FE2 0.85 0.86 0.86 0.87 0.86 0.84 
MN 0.02 0.02 0.02 0.02 0.02 0.02 
MG 1.02 1.02 1.02 1.02 1.05 1.08 
CA 1.10 1.10 1.09 1.10 1.11 1.12 
NA 0.04 0.03 0.04 0.03 0.04 0.04 
K 0.00 0.00 0.00 0.00 0.00 0 00 P 0.02 0.02 0.02 0.02 0.02 . 0.01 
TOTAL 7.97 7.98 7.97 7.98 8.00 7.97 
Group Ili Carrels. 
BZ1 BZ1 BZI BZ1 BZl BZ2. 
NA2O 0.38 0.38 0.40 0.41 0.39 0.24 
MOO 12.18 12.18 12.22 12.23 12.42 15.67 
S102 40.20 40.20 40.60 40.20 40.50 40.60 
P205 0.22 0.20 0.20 0.23 0.25 0.13 
AL203 20.99 20.99 21.10 21.14 21.36 21.05 
K20 0.02 0.00 0.01 0.01 0.00 0.00 
CAO 11.07 11.07 11.06 11.10 11.11 6.81 
1'102 2.08 2.08 2.07 2.09 2.03 1.68 
CR203 0.12 0.12 0.13 0.14 0.13 0.11 
MNO 0.30 0.30 0.28 0.26 0.26 0.33 
FEO 13.22 13.22 13.19 13.17 13.13 13.00 
100.78 100.74 101.26 100.98 101.58 99.61 
SI 2.96 2.96 2.97 3.25 2.95 2.98 
'I'I 0.11 0.11 0.11 0.13 0.11 0.09 
AL 1.82 1.82 1.82 2.01 1.84 1.82 
CR 0.01 0.01 0.01 0.01 0.01 0.01 
PE2 0.81 0.81 0.81 0.89 0.80 0.80 
MN 0.02 0.02 0.02 0.02 0.02 0.02 
MG 1.34 1.34 1.33 0.27 1.35 1.71 
CA 0.87 0.87 0.87 0.96 0.87 0.54 
NA 0.03 0.03 0.03 0.03 0.03 0.02 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.02 0.02 0.01 
TOTAL 7.99 7.99 7.98 7.58 7.99 8.00 
13Z2 BZ2 BZ2 BZ2 ßZ2 BZ5 
NA2O 0.24 0.30 0.24 0.23 0.22 0.25 
MG O 15.78 15.82 15.83 15.76 15.52 11.32 
S102 40.60 42.40 41.10 40.60 40.60 40.70 
P205 0.16 0.11 0.11 0.15 0.14 0.16 
AL203 21.05 20.87 21.32 21.14 20.91 21.83 
K20 0.01 0.01 0.01 0.00 0.01 0.01 
CAO 6.78 6.97 6.79 6.81 6.83 12.67 
T102 1.67 1.67 1.67 1.66 1.69 0.90 
CR203 0.10 0.07 0.10 0.12 0.12 0.11 
MNO 0.31 0.25 0.30 0.31 0.28 0.26 
FEO 13.03 12.87 13.00 12.85 12.95 12.62 
99.72 101.36 100.46 99.63 99.27 100.84 
si 2.98 3.05 2.99 2.98 2.99 2.99 
TI 0.09 0.09 0.09 0.09 0.09 0.05 
AL 1.82 1.77 1.83 1.83 1.81 1.89 
CR 0.00 0.00 0.00 0.01 0.01 0.01 
FE2 0.80 0.77 0.79 0.79 0.80 0.77 
MN 0.02 0.02 0.02 0.02 0.02 0.02 
MG 1.73 1.69 1.71 1.72 1.70 1.24 
CA 0.53 0.54 0.53 0.54 0.54 1.00 
NA 0.02 0.02 0.02 0.02 0.02 0.02 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.01 0.01 0.01 
TOTA L 8.00 7.96 7.99 8.00 7.99 7.99 
Croup III Garnets. 
BZ5 BZ5 BZ5 BZ5 ßZ5 13Z 12 
NA20 0.20 0.27 0.23 0.25 0.25 0.34 
MG O 11.22 11.25 10.95 11.08 10.99 10.69 
S102 40.70 40.90 40.40 40.70 40.90 39.60 
P205 0.14 0.17 0.12 0.16 0.18 0.18 
AL203 21.69 21.77 21.32 21.42 21.37 20.75 
K20 0.00 0.01 0.01 0.00 0.01 0.02 
CAO 12.73 12.58 12.76 12.67 12.76 13.01 
T102 0.10 0.92 0.91 0.92 0.87 1.92 
CR203 0.10 0.13 0.11 0.10 0.11 0.06 
MNO 0.27 0.24 0.25 0.26 0.26 0.28 
FEO 12.77 12.76 12.64 12.47 12.63 13.62 
99.91 101.00 99.72 100.03 100.34 100.48 
S1 3.02 3.01 3.01 3.01 3.02 2.95 
TI 0.01 0.05 0.05 0.05 0.05 0.11 
AL 1.90 2.01 1.87 1.87 1.86 1.82 
CR 0.00 0.01 0.01 0.00 0.01 0.00 
P112 0.79 0.84 0.79 0.77 0.78 0.85 
MN 0.02 0.02 0.02 0.02 0.02 0.02 
MG 1.24 1.32 1.21 1.22 1.21 1.19 
CA I. 01 0.22 1.02 1.00 1.01 1.04 
NA 0.01 0.02 0.02 0.02 0.02 0.02 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.01 0.01 0.01 
TOTAL 8.01 7.70 7.99 7.98 7.98 8.01 
BZ12 BZ12 BZ12 BZ13 BZ13 BZ13 
NA2O 0.34 0.34 0.16 0.16 0.18 0.17 
MG O 10.38 10.40 15.52 15.62 15.79 15.81 
S102 38.90 39.20 40.10 40.50 40.80 41.0() 
P205 0.17 0.18 0.14 0.11 0.31 0.12 
AL203 20.46 20.60 20.06 20.09 20.28 20.05 
K20 0.00 0.00 0.01 0.00 0.00 0.00 
CAO 13.07 12.96 5.51 5.50 5.46 5.43 
T102 1.94 1.89 1.85 1.82 1.80 1.80 
CR203 0.06 0.09 0.25 0.24 0.23 0.26 
MNO 0.28 0.30 0.27 0.27 0.28 0.28 
PEO 13.49 13.60 15.15 15.11 15.01 15.08 
99.10 99.56 99.03 99.42 100.14 100.01 
si 2.94 2.95 2.99 3.00 3.00 3.02 
TI 0.11 0.11 0.10 0.10 0.10 0.10 
AL 1.82 1.83 1.76 1.75 1.76 1.74 
CR 0.00 0.00 0.01 0.01 0.01 0.02 
P112 0.85 0.86 0.94 0.94 0.92 0.93 
MN 0.02 0.02 0.02 0.02 0.02 0.02 
MG 1.17 1.17 1.72 1.72 1.73 1.73 
CA 1.06 1.04 0.44 0.44 0.43 0.43 
NA 0.02 0.02 0.01 0.01 0.01 0.01 
K 0.00 0.00 0.00 0.00 0.00 0 00 P 0.01 0.01 0.01 0.01 0.02 . 0.01 
TOTAL 8.01 8.01 8.01 8.00 7.99 7.99 
Croup 111 Garncis. 
BZ14 BZ14 BZ14 BZ14 BZ14 BZ15 
NA2O 0.38 0.42 0.40 0.42 0.42 0.84 
MG O 12.31 12.37 12.44 12.43 12.52 10.71 
S102 40.00 40.00 40.30 40.20 40.30 41.10 
P205 0.22 0.22 0.24 0.23 0.22 0.23 
AL203 20.87 21.03 20.95 21.13 21.02 18.66 
K20 0.01 0.00 0.00 0.00 0.00 0.00 
CAO 11.02 11.07 11.10 11.01 11.02 12.69 
T102 2.14 2.12 2.13 2.08 2.12 1.37 
CR203 0.18 0.18 0.20 0.17 0.16 0.09 
MNO 0.29 0.25 0.26 0.28 0.26 0.25 
FEO 12.76 12.84 12.83 12.79 12.56 12.97 
1 00.18 100.50 100.85 100.74 100.61 98.91 
SI 2.96 2.95 2.96 2.95 2.96 3.10 
'I'I 0.12 0.12 0.12 0.12 0.12 0.08 
AL 1.82 1.83 1.81 1.83 1.82 1.65 
CR 0.01 0.01 0.01 0.01 0.01 0.00 
FE2 0.79 0.79 0.79 0.79 0.77 0.82 
MN 0.02 0.02 0.02 0.02 0.02 0.02 
MG 1.36 1.36 1.36 1.36 1.37 1.20 
CA 0.87 0.87 0.87 0.87 0.87 1.02 
NA 0.03 0.03 0.03 0.03 0.03 0.06 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.02 0.01 0.01 0.02 
TOTAL 7.98 7.99 7.98 7.99 7.98 7.97 
BZI5 BZI5 BZI5 BZ16 BZ16 13Z16 
NA2O 0.87 0.82 0.34 0.88 0.90 0.91 
MG O 10.70 10.63 10.50 10.70 10.85 10.97 
S102 41.10 41.10 40.00 41.40 40.90 41.00 
P205 0.24 0.22 0.27 0.30 0.25 0.26 
A L203 18.83 18.72 21.07 19.14 19.23 19.05 
K20 0.00 0.01 0.00 0.00 0.00 0.00 
CAO 12.64 12.81 13.27 12.76 12.69 12.62 
'1'102 1.37 1.39 1.48 1.34 1.34 1.36 
CR203 0.11 0.12 0.11 0.13 0.12 0.09 
MNO 0.25 0.23 0.26 0.26 0.25 0.26 
FEO 12.89 12.89 13.01 12.91 12.93 12.91 
TOTAL 99.00 98.95 100.31 99.82 99.44 99.42 
si 3.09 3.10 2.98 3.09 3.07 3.07 
1111 0.08 0.08 0.08 0.08 0.08 0.08 
AL 1.67 1.66 1.84 1.68 1.70 1.68 
CR 0.01 0.01 0.01 0.01 0.01 0.00 
FE 2 0.81 0.81 0.81 0.80 0.81 0.81 
MN 0.02 0.01 0.02 0.02 0.02 0.02 
MG 1.20 1.19 1.16 1.19 1.21 1.22 
CA 1.02 1.03 1.06 1.02 1.02 1 01 
NA 0.06 0.06 0.02 0.06 0.07 . 0.07 K 0.00 0.00 0.00 0.00 0.00 0 00 P 0.02 0.01 0.02 0.02 0.02 . 0.02 
TOTAL 7.97 7.97 7.99 7.96 7.98 7.98 
Croup 18 Carrels 
BZ16 BZ18 BZ18 BZ18 BZ18 BZ18 
NA2O 0.91 1.00 1.03 1.03 1.05 1.04 
MGO 10.91 9.89 9.77 10.03 9.90 9.88 
S102 40.70 40.90 41.20 41.40 41.40 41.60 
P205 0.27 0.17 0.21 0.23 0.24 0.24 
AL203 19.01 18.39 18.66 18.53 18.41 18.37 
K20 0.00 0.01 0.00 0.00 0.00 0.00 
CAO 12.69 13.67 13.63 13.70 13.84 13.63 
'1102 1.36 2.28 2.28 2.26 2.29 2.28 
CR203 0.10 0.08 0.10 0.10 0.06 0.07 
MNO 0.25 0.28 0.29 0.31 0.28 0.30 
FEO 12.91 13.34 13.09 13.27 13.21 13.11 
99.12 100.01 100.27 100.85 100.69 100.53 
si 3.06 3.07 3.08 3.08 3.08 3.10 
11'1 0.08 0.13 0.13 0.13 0.13 0.13 
AL 1.69 1.62 1.64 1.62 1.61 1.61 
CR 0.00 0.00 0.01 0.00 0.00 0.00 
PE2 0.81 0.84 0.82 0.82 0.82 0.81 
MN 0.02 0.02 0.02 0.02 0.02 0.02 
MG 1.22 1.10 1.09 1.11 1.10 1.09 
CA 1.02 1.10 1.09 1.09 1.10 1.09 
NA 0.07 0.07 0.07 0.07 0.08 0.07 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.02 0.01 0.01 0.01 0.02 0.02 
TOTAL 7.99 7.97 7.95 7.96 7.96 7.94 
BZ24 BZ25 BZ25 BZ25 BZ25 BZ25 
NA2O 0.25 0.86 1.03 0.85 1.02 1.01 
MGO 11.74 9.77 9.82 9.66 9.73 9.76 
S102 40.80 40.70 41.20 40.70 41.00 41.10 
P205 0.17 0.22 0.22 0.21 0.19 0.23 
A L203 21.47 17.99 18.02 17.98 17.84 17.99 
K2O 0.00 0.01 0.00 0.00 0.00 0.00 
CAO 12.11 13.53 13.71 13.56 13.55 13.80 
T102 1.28 2.30 2.24 2.27 2.27 2.20 
C11203 0.14 0.08 0.07 0.05 0.06 0.08 
MNO 0.25 0.29 0.29 0.31 0.29 0.30 
FEO 12.80 13.81 13.24 13.76 13.62 13.07 
101.01 99.56 99.84 99.35 99.57 99.54 
si 2.99 3.08 3.09 3.08 3.09 3.09 
TI 0.07 0.13 0.13 0.13 0.13 0.12 
AL 1.85 1.60 1.59 1.60 1.59 1.60 
CR 0.01 0.00 0.00 0.00 0.00 0.00 
FE2 0.78 0.87 0.83 0.87 0.86 0.82 
MN 0.02 0.02 0.02 0.02 0.02 0.02 
MG 1.28 1.10 1.10 1.09 1.09 1.09 
CA 0.95 1.09 1.10 1.10 1.10 1.11 
NA 0.02 0.06 0.07 0.06 0.07 0.07 K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.01 0.01 0.02 
TOTAL 7.99 7.97 7.96 7.97 7.96 7.96 
Group III Cam ens 
BZ25 BZ32 BZ34 BZ34 BZ34 BZ34 
NA20 1.06 0.32 0.33 0.37 0.35 0.38 
MG O 9.54 12.13 10.53 10.45 10.42 10.53 
S102 41.20 39.40 39.80 40.10 40.20 39.80 
P205 0.21 0.27 0.26 0.23 0.22 0.25 
AL203 17.86 19.31 20.78 20.72 20.96 21.04 
K20 0.01 0.02 0.00 0.01 0.00 0.01 
CAO 13.50 10.97 13.26 13.27 13.40 13.34 
7102 2.24 2.59 1.46 1.49 1.52 1.48 
CR203 0.07 0.10 0.10 0.12 0.13 0.11 
MNO 0.29 0.32 0.27 0.25 0.26 0.25 
FEO 13.24 13.56 13.01 13.01 13.09 12.97 
99.21 98.98 99.80 100.01 100.56 100.16 
si 3.1 1 2.97 2.97 2.99 2.99 2.97 
Tl 0.13 0.15 0.08 0.08 0.08 0.08 
AL 1.59 1.71 1.83 1.82 1.83 1.85 
CR 0.00 0.00 0.01 0.01 0.01 0.01 
FE2 0.83 0.85 0.81 0.81 0.81 0.81 
MN 0.02 0.02 0.02 0.02 0.02 0.02 
MG 1.07 1.36 1.17 1.16 1.15 1.17 
CA 1.10 0.88 1.06 1.06 1.06 1.06 
NA 0.08 0.02 0.02 0.03 0.03 0.03 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.02 0.02 0.01 0.01 0.02 
TOTAL 7.94 7.99 8.00 7.99 7.99 8.00 
BZ35 BZ35 BZ35 BZ37 BZ37 BZ37 
NA20 0.86 0.53 0.34 0.40 0.37 0.35 
MG O 13.31 13.32 13.46 13.22 13.42 13.26 
S102 42.50 41.20 39.70 40.40 40.50 40.30 
P205 0.20 0.16 0.12 0.17 0.16 0.18 
A L203 17.54 17.73 18.11 21.65 21.59 21.53 
K20 0.01 0.00 0.00 0.00 0.00 0.00 
CAO 10.94 10.71 10.03 8.12 8.09 8.13 
T102 1.75 1.85 2.71 2.02 0.14 2.03 
CR203 0.12 0.13 0.17 0.12 0.14 0.13 
MNO 0.25 0.28 0.31 0.31 0.31 0.27 
FEO 12.24 13.54 14.53 14.38 14.38 14.40 
99.71 99.45 99.48 100.77 99.10 100.58 
si 3.15 3.08 2.99 2.96 3.01 2.96 
11'1 0.10 0.10 0.15 0.11 0.01 0.11 
AL 1.53 1.56 1.60 1.87 1.89 1.86 
CR 0.01 0.01 0.01 0.01 0.01 0.01 
FE2 0.76 0.85 0.91 0.88 0.89 0.88 
MN 0.02 0.02 0.02 0.02 0.02 0.02 
MG 1.47 1.48 1.51 1.44 1.49 1.45 
CA 0.87 0.86 0.81 0.64 0.65 0.64 
NA 0.06 0.04 0.02 0.03 0.03 0 02 K 0.00 0.00 0.00 0.00 0.00 . 0 00 P 0.01 0.01 0.01 0.01 0.01 . 0.01 
TOTAL 7.96 8.01 8.04 7.97 8.01 7.97 
Group 11i Garnets 
BZ37 BZ37 BZ37 BZ37 BZ39 BZ39 
NA20 0.38 0.37 0.39 0.23 0.22 0.21 
MOO 13.31 13.25 13.15 11.90 11.89 12.02 
S102 40.10 40.20 40.20 40.10 40.30 40.50 
P205 0.16 0.13 0.16 0.11 0.11 0.14 
AL203 21.39 21.36 21.31 22.18 22.30 22.06 
K20 0.00 0.00 0.02 0.02 0.01 0.00 
CAO 8.15 8.19 8.13 7.52 7.51 7.50 
T102 2.06 2.03 2.03 0.31 0.33 0.31 
CR203 0.13 0.12 0.12 0.06 0.10 0.08 
MNO 0.30 0.31 0.30 0.35 0.33 0.37 
FEO 14.22 14.37 14.23 16.87 16.93 17.07 
100.20 100.33 100.02 99.66 100.02 100.26 
si 2.96 2.97 2.97 3.00 3.00 3.01 
'1'1 0.11 0.11 0.11 0.02 0.02 0.02 
Al- 1.86 1.85 1.85 1.95 1.95 1.93 
CR 0.01 0.01 0.01 0.00 0.00 0.00 
Fr2 0.88 0.88 0.88 1.05 1.05 1.06 
MN 0.02 0.02 0.02 0.02 0.02 0.02 
MG 1.46 1.45 1.45 1.32 1.32 1.33 
CA 0.64 0.65 0.64 0.60 0.60 0.60 
NA 0.03 0.03 0.03 0.02 0.02 0.02 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.01 0.01 0.01 
TOTAL 7.98 7.98 7.97 7.99 7.99 7.99 
BZ39 BZ39 BZ39 BZ39 BZ39 BZ42 
NA20 0.19 0.20 0.20 0.23 0.21 0.36 
MOO 11.93 11.93 11.93 11.93 12.00 10.09 
S102 40.40 40.70 40.70 40.20 40.40 39.80 
11205 0.11 0.11 0.11 0.12 0.11 0.24 
AL203 22.04 22.21 22.21 22.31 22.35 21.10 
K20 0.00 0.00 0.00 0.00 0.01 0.01 
CAO 7.48 7.46 7.46 7.51 7.49 11.79 
T102 0.35 0.34 0.34 0.32 0.34 1.20 
CR203 0.09 0.09 0.09 0.07 0.07 0.06 
MNO 0.39 0.37 0.37 0.38 0.33 0.33 
FGO 16.85 16.84 16.84 16.87 16.97 14.95 
99.83 100.26 100.26 99.95 100.29 99.93 
st 3.01 3.02 3.02 3.00 3.00 2.99 
111 0.02 0.02 0.02 0.02 0.02 0.07 
AL 1.94 1.94 1.94 1.96 1.95 1.86 
CR 0.00 0.00 0.00 0.00 0.00 0.00 
FE2 1.05 1.04 1.04 1.05 1.05 0.94 
MN 0.02 0.02 0.02 0.02 0.02 0.02 
MG 1.32 1.32 1.32 1.32 1.33 1.13 
CA 0.60 0.59 0.59 0.60 0.59 0.95 
NA 0.01 0.01 0.01 0.02 0.02 0.03 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.01 0.01 0.02 
TOTAL 7.99 7.98 7.98 7.99 7.99 7.99 
Croup lls Carnets 
BZ42 BZ42 BZ42 BZ42 BZ42 
NA2O 0.35 0.34 0.35 0.34 0.35 
MGO 10.07 10.04 10.09 10.01 10.18 
S102 39.90 39.90 39.80 39.80 39.90 
P205 0.23 0.24 0.25 0.24 0.24 
AL203 21.23 21.08 20.98 20.92 21.11 
K20 0.00 0.00 0.00 0.00 0.00 
CAO 11.70 11.79 11.76 11.74 11.71 
'I'102 1.21 1.25 1.19 1.23 1.24 
CR203 0.07 0.09 0.04 0.06 0.07 
MNO 0.31 0.33 0.30 0.29 0.34 
FEO 14.99 14.86 14.95 14.91 14.94 
100.06 99.93 99.71 99.54 100.07 
si 2.99 2.99 2.99 2.99 2.99 
TI 0.07 0.07 0.07 0.07 0.07 
AL 1.87 1.96 1.85 1.85 1.86 
CR 0.00 0.00 0.00 0.00 0.00 
FE2 0.94 0.93 0.94 0.94 0.93 
MN 0.02 0.02 0.02 0.02 0.02 
MG 1.12 1.12 1.13 1.12 1.13 
CA 0.94 0.95 0.95 0.95 0.94 
NA 0.03 0.02 0.03 0.03 0.03 
K 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.02 0.02 0.02 0.02 
TOTAL 7.98 7.98 7.99 7.98 7.99 
Group 111 Clinopyroxcnes. 
BZI BZ2 BZ8 BZ2 ßZ5 BZ5 
NA2O 4.06 3.12 2.96 0.26 5.18 5.22 
MG O 12.08 14.32 14.86 15.65 10.03 10.01 
S102 52.70 54.50 53.80 40.20 54.20 54.50 
P205 0.23 0.22 0.20 0.11 0.17 0.19 
AL203 6.91 4.77 6.20 20.84 9.44 9.44 
K20 0.01 0.02 0.03 0.01 0.00 0.00 
CAC) 16.29 16.05 15.15 6.75 15.0 L 14.98 
T102 1.16 0.96 1.06 1.65 0.46 0.45 
CR203 0.06 0.08 0.08 0.11 0.05 0.09 
MNO 0.04 0.07 0.10 0.31 0.06 0.07 
FEO 5.45 6.06 6.42 12.84 5.07 4.95 
99.00 100.16 100.87 98.73 99.68 99.90 
si 1.93 1.97 1.93 1.49 1.95 1.96 
TI 0.03 0.03 0.03 0.05 0.01 0.01 
AL 0.30 0.20 0.26 0.91 0.40 0.40 
CR 0.00 0.00 0.00 0.00 0.00 0.00 
FE2 0.17 0.18 0.19 0.40 0.15 0.15 
MN 0.00 0.00 0.00 0.01 0.00 0.00 
MG 0.66 0.77 0.79 0.86 0.54 0.54 
CA 0.64 0.62 0.58 0.27 0.58 0.58 
NA 0.14 0.11 0.10 0.01 0.18 0.18 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.00 0.01 0.01 
TOTAL 3.88 3.89 3.90 4.00 3.82 3.82 
BZ12 BZ13 BZ14 BZ14 BZ15 BZ18 
NA20 0.41 1.79 4.34 4.23 5.79 6.07 
MG O 11.60 15.93 12.06 12.08 9.20 9.23 
S102 51.70 54.00 53.30 53.30 53.30 54.10 
P205 0.21 0.18 0.23 0.23 0.22 0.23 
A L203 7.14 2.54 7.10 7.05 10.26 11.39 
K20 0.00 0.00 0.02 0.01 0.00 0.20 
CAO 16.78 15.62 16.18 16.10 12.70 13.10 
T102 0.91 0.64 1.19 1.21 1.04 1.54 
CR203 0.04 0.09 0.07 0.09 0.06 0.07 
MNO 0.07 0.14 0.06 0.06 0.09 0.07 
FEO 5.96 7.89 5.23 5.35 6.82 6.36 
94.82 98.82 99.79 99.70 99.48 102.36 
si 1.96 1.99 1.93 1.93 1.93 1.91 
'I'I 0.03 0.02 0.03 0.03 0.03 0.04 
AL 0.32 0.11 0.30 0.30 0.44 0.47 
CR 0.00 0.00 0.00 0.00 0.00 0.00 
FE2 0.19 0.24 0.16 0.16 0.21 0.19 
MN 0.00 0.00 0.00 0.00 0.00 0.00 
MG 0.65 0.87 0.65 0.65 0.50 0.48 
CA 0.68 0.62 0.63 0.63 0.50 0.50 
NA 0.02 0.06 0.15 0.15 0.20 0.21 
K 0.00 0.00 0.00 0.00 0.00 0 00 P 0.01 0.01 0.01 0.01 0.01 . 0.01 
TOTAL 3.85 3.93 3.87 3.87 3.81 3.80 
Group III Clinopyroxenes. 
BZ24 BZ24 BZ25 BZ34 BZ34 BZ34 
NA2O 3.98 4.00 5.96 4.93 4.87 4.84 
MG O 12.51 12.55 9.03 11.03 11.18 11.07 
S102 54.10 54.10 52.80 53.70 54.10 53.80 
P205 0.21 0.20 0.19 0.20 0.21 0.20 
AL203 6.64 6.73 10.89 8.35 8.36 8.09 
K20 0.01 0.00 0.01 0.02 0.00 0.01 
CAO 17.10 17.09 13.30 15.90 15.80 15.90 
T102 0.57 0.55 1.59 0.77 0.80 0.76 
C1Z203 0.08 0.07 0.07 0.08 0.05 0.06 
MNO 0.08 0.08 0.08 0.05 0.06 0.07 
FLO 5.50 5.55 6.55 5.37 5.38 5.72 
100.79 100.93 100.48 100.41 100.81 100.51 
si 1.94 1.94 1.90 1.93 1.94 1.94 
11 0.02 0.01 0.04 0.02 0.02 0.02 
AL 0.28 0.28 0.46 0.35 0.35 0.34 
CR 0.00 0.00 0.00 0.00 0.00 0.00 
F E2 0.17 0.17 0.20 0.16 0.16 0.17 
MN 0.00 0.00 0.00 0.00 0.00 0.00 
MG 0.67 0.67 0.48 0.59 0.60 0.59 
CA 0.66 0.66 0.51 0.61 0.61 0.61 
NA 0.14 0.14 0.21 0.17 0.17 0.17 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.01 0.01 0.01 
TOTAL 3.89 3.89 3.81 3.86 3.85 3.86 
13Z35 BZ37 BZ37 BZ39 BZ39 BZ42 
NA2O 4.30 4.00 3.93 7.70 7.74 5.79 
MGO 12.77 12.52 12.60 7.99 7.94 9.58 
S102 54.56 52.50 51.50 54.20 54.30 53.80 
P205 0.22 0.22 0.20 0.16 0.17 0.20 
AL203 7.09 6.97 7.62 12.96 12.84 9.62 
K20 0.00 0.01 0.02 0.02 0.00 0.00 
CAO 15.45 15.09 14.47 10.26 10.46 14.24 
T102 0.90 1.37 1.41 0.25 0.23 0.72 
CR203 0.10 0.11 0.08 0.10 0.10 0.05 
MNO 0.07 0.08 0.10 0.09 0.07 0.09 
PLO 5.36 6.77 7.29 6.00 5.74 6.19 
100.81 99.65 99.21 99.73 99.58 100.30 
si 1.95 1.92 1.89 1.94 1.95 1.94 
'I'I 0.02 0.04 0.04 0.01 0.01 0.02 
AL 0.30 0.30 0.33 0.55 0.54 0.41 
CR 0.00 0.00 0.00 0.00 0.00 0.00 
FE2 0.16 0.21 0.22 0.18 0.17 0.19 
MN 0.00 0.00 0.00 0.00 0.00 0.00 
MG 0.68 0.68 0.69 0.43 0.42 0.51 
CA 0.59 0.59 0.57 0.39 0.40 0.55 
NA 0.15 0.14 0.14 0.27 0.27 0.20 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.00 0.01 0.01 
TOTAL 3.86 3.88 3.89 3.77 3.77 3.83 
Croup IIA Carnets. 
BZ9 1 BZ9 2 BZ9 3 BZ27 1 
N A20 1.08 1.04 1.01 0.54 
MGO 9.52 9.40 9.54 14.32 
S102 41.30 41.80 42.00 43.00 
P205 0.23 0.22 0.23 0.17 
A L203 18.51 18.62 18.54 18.30 
K20 0.00 0.00 0.01 0.02 
CAO 14.54 14.61 14.55 10.95 
T102 1.70 1.68 1.70 1.70 
CR203 0.05 0.03 0.04 0.14 
MNO 0.24 0.25 0.24 0.24 
P110 12.32 12.39 12.15 12.06 
99.50 100.02 100.01 101.43 
SI 3.10 3.12 3.13 3.12 
Ti 0.10 0.09 0.10 0.09 
AL 1.64 1.64 1.63 1.56 
CR 0.00 0.00 0.00 0.01 
P12 0.77 0.77 0.76 0.73 
MN 0.02 0.02 0.02 0.01 
MG 1.06 1.05 1.06 1.55 
CA 1.17 1.17 1.16 0.85 
NA 0.08 0.08 0.07 0.04 
K 0.00 0.00 0.00 0.00 
1' 0.01 0.01 0.01 0.01 
TOTAL 7.96 7.94 7.93 7.98 
BZ46 3 BZ46 4 BZ46 5 BZ46 6 
NA2O 1.00 0.96 0.99 0.95 
MGO 11.33 11.34 11.36 11.34 
S102 42.80 42.80 42.60 42.60 
P205 0.14 0.15 0.14 0.14 
AL203 18.53 18.53 18.68 18.84 
K20 0.01 0.01 0.01 0.00 
CAO 14.28 14.25 14.32 14.24 
T102 1.43 1.48 1.43 1.43 
CR203 0.12 0.10 0.13 0.09 
MNO 0.19 0.21 0.20 0.22 
PEO 10.77 10.82 10.80 10.62 
100.61 100.66 100.66 100.48 
SI 3.15 3.15 3.13 3.13 
TI 0.08 0.08 0.08 0.08 
AL 1.60 1.60 1.62 1.63 
CR 0.01 0.01 0.01 0.00 
x132 0.66 0.66 0.66 0.65 
MN 0.01 0.01 0.01 0.01 
MG 1.24 1.24 1.24 1.24 
CA 1.12 1.12 1.13 1.12 
NA 0.07 0.07 0.07 0.07 
K 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.01 
TOTAL 7.95 7.95 7.96 7.95 

























Group 1111 Garnels. 
BZ7 BZ7 BZ7 BZ7 BZIO BZ10 
NA2O 1.09 0.55 0.58 0.52 0.91 1.09 
MGO 20.20 21.71 21.91 21.30 9.44 9.62 
S102 45.60 45.00 45.70 44.60 41.00 41.90 
P205 0.10 0.08 0.08 0.11 0.20 0.20 
A L203 14.01 12.77 12.71 13.13 17.73 17.89 
K20 0.00 0.00 0.00 0.01 0.00 0.00 
CAO 5.23 4.77 4.77 4.68 14.32 14.80 
T102 2.19 2.34 2.31 2.39 2.42 2.35 
CR203 0.30 0.30 0.27 0.27 0.07 0.05 
MNO 0.22 0.19 0.21 0.19 0.26 0.21 
FEO 11.78 11.70 11.57 12.60 13.96 12.10 
100.70 99.41 100.11 99.81 100.32 100.21 
SI 3.28 3.28 3.30 3.25 3.08 3.12 
Tl 0.12 0.13 0.13 0.13 0.14 0.13 
AL 1.19 1.10 1.08 1.13 1.57 1.57 
CR 0.02 0.02 0.02 0.02 0.00 0.00 
FE2 0.71 0.71 0.70 0.77 0.88 0.75 
MN 0.01 0.01 0.01 0.01 0.02 0.01 
MG 2.17 2.36 2.36 2.31 1.06 1.07 
CA 0.40 0.37 0.37 0.37 1.15 1.18 
NA 0.08 0.04 0.04 0.04 0.07 0.08 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.00 0.01 0.01 0.01 
TOTAL 7.98 8.02 8.01 8.03 7.97 7.94 
BZIO BZIO BZIO BZ10 BZ19 BZ19 
NA2O 0.98 1.09 0.51 1.17 0.94 0.93 
MGO 9.27 9.62 8.78 9.82 14.38 14.40 
S102 40.70 41.70 39.40 41.80 43.70 44.00 
P205 0.19 0.19 0.20 0.17 0.18 0.15 
AL203 17.54 17.88 17.76 18.00 16.47 16.66 
K20 0.00 0.01 0.01 0.00 0.00 0.00 
CAO 14.24 14.54 13.78 14.60 11.73 11.79 
1'102 2.35 2.31 2.66 2.36 1.52 1.51 
CR203 0.06 0.08 0.08 0.07 0.13 0.10 
MNO 0.30 0.26 0.33 0.26 0.19 0.21 
FEO 14.33 12.68 16.66 12.20 11.22- 11.21 
99.96 100.35 100.17 100.45 100.47 100.96 
SI 3.08 3.11 3.01 3.11 3.20 3.21 
TI 0.13 0.13 0.15 0.13 0.08 0.08 
Al, 1.56 1.57 1.60 1.58 1.42 1.43 
CR 0.00 0.00 0.00 0.00 0.01 0.00 
FE2 0.90 0.79 1.06 0.76 0.69 0.68 
MN 0.02 0.02 0.02 0.02 0.01 0.01 
MG 1.04 1.07 1.00 1.09 1.57 1.56 
CA 1.15 1.16 1.13 1.17 0.92 0.92 
NA 0.07 0.08 0.04 0.08 0.07 0.07 
K 0.00 0.00 0.00 0.00 0.00 0 00 P 0.01 0.01 0.01 0.01 0.01 . 0.01 
TOTAL 7.98 7.95 8.02 7.95 7.98 7.98 
Group 1111 Garnets 
BZ19 13Z19 BZ19 BZ19 BZ19 BZ19 
NA20 0.95 0.85 0.88 0.92 0.62 0.89 
MGO 14.38 14.08 14.18 14.33 15.47 14.36 
S102 44.00 42.90 43.70 43.60 41.50 44.00 
P205 0.17 0.15 0.16 0.18 0.17 0.17 
A L203 16.72 16.55 16.66 16.70 17.05 16.94 
K20 0.00 0.00 0.00 0.00 0.00 0.00 
CAO 11.71 11.73 11.70 11.70 10.62 11.60 
'1102 1.51 1.50 1.50 1.53 1.64 1.55 
CR203 0.10 0.12 0.15 0.11 0.14 0.11 
MNO 0.23 0.22 0.23 0.23 0.24 0.22 
FEO 11.06 11.13 11.06 11.19 12.97 11.45 
100.83 99.23 100.23 100.50 100.42 101.30 
si 3.21 3.19 3.21 3.19 3.07 3.20 
11.1 0.08 0.08 0.08 0.08 0.09 0.08 
AL 1.44 1.45 1.44 1.44 1.48 1.45 
CR 0.00 0.01 0.01 0.01 0.01 0.01 
FI32 0.67 0.69 0.68 0.68 0.80 0.69 
MN 0.01 0.01 0.01 0.01 0.01 0.01 
MG 1.56 1.56 1.55 1.56 1.70 1.55 
CA 0.91 0.93 0.92 0.92 0.84 0.90 
NA 0.07 0.06 0.06 0.07 0.04 0.06 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.01 0.01 0.01 
TOTAL 7.97 7.99 7.97 7.98 8.07 7.97 
BZ 19 BZ21 BZ21 BZ21 BZ21 BZ21 
NA2O 0.87 0.99 0.96 0.95 0.49 0.49 
MGO 14.23 11.74 11.87 13.85 11.42 11.42 
S102 43.90 42.50 42.50 42.60 42.60 40.80 
P205 0.17 0.28 0.16 0.25 0.27 0.24 
AL203 16.58 18.19 18.15 18.34 18.40 18.40 
K20 0.00 0.00 0.00 0.00 0.00 0.00 
CA O 11.91 13.77 13.77 13.69 13.78 12.95 
'1102 1.47 1.14 1.09 1.11 1.13 1.23 
CR203 0.10 0.09 0.10 0.07 0.07 0.09 
MNO 0.22 0.21 0.24 0.21 0.23 0.28 
FIO 11.12 10.86 10.86 10.84 10.87 13.51 
100.57 99.77 99.69 101.92 99.26 99.41 
si 3.21 3.15 3.15 3.09 3.16 3.07 
TI 0.08 0.06 0.06 0.06 0.06 0.07 
AL 1.43 1.59 1.59 1.57 1.61 1.63 
CR 0.00 0.00 0.00 0.00 0.00 0.00 
FE2 0.68 0.67 0.67 0.66 0.67 0.85 
MN 0.01 0.01 0.01 0.01 0.01 0.02 
MG 1.55 1.29 1.31 1.50 1.26 1.28 CA 0.93 1.09 1.09 1.06 1.10 1.04 
NA 0.06 0.07 0.07 0.07 0.04 0.04 
K 0.00 0.00 0.00 0.00 0.00 0 00 P 0.01 0.02 0.01 0.02 0.02 . 0.02 
TOTAL 7.97 7.96 7.97 8.04 7.94 8.02 
Group ills Garncis 
BZ21 BZ22 BZ22 BZ22 BZ22 BZ22 
N A20 1.01 1.15 1.23 1.25 0.90 1.21 
MG O 11.90 10.33 10.35 10.29 10.22 10.40 
S102 42.60 42.30 42.20 42.50 41.50 42.40 
P205 0.25 0.21 0.23 0.24 0.26 0.23 
AL203 18.21 17.82 17.82 17.91 17.87 17.96 
K20 0.00 0.00 0.00 0.00 0.00 0.00 
CAO 13.55 14.08 14.11 14.21 14.10 14.09 
T102 1.14 1.99 1.94 2.02 2.03 1.92 
CR203 0.09 0.08 0.05 0.05 0.07 0.06 
MNO 0.23 0.24 0.23 0.27 0.26 0.24 
PEO 10.60 12.12 11.76 11.85 12.86 12.02 
99.58 100.32 99.93 100.60 100.08 100.53 
SI 3.16 3.14 3.14 3.15 3.10 3.14 
TI 0.06 0.11 0.11 0.11 0.11 0.11 
AL 1.59 1.56 1.56 1.56 1.57 1.57 
CR 0.00 0.00 0.00 0.00 0.00 0.00 
FE2 0.66 0.75 0.73 0.73 0.80 0.74 
MN 0.01 0.01 0.01 0.02 0.02 0.01 
MG 1.31 1.14 1.15 1.13 1.14 1.15 
CA 1.07 1.12 1.13 1.13 1.13 1.12 
NA 0.07 0.08 0.09 0.09 0.07 0.09 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.02 0.01 0.01 0.02 0.02 0.01 
TOTAL 7.96 7.94 7.94 7.93 7.97 7.94 
BZ22 13Z29 BZ29 13Z29 BZ29 11Z29 
NA20 1.23 0.81 1.01 1.01 1.06 0.80 
MGO 10.38 15.22 15.24 15.24 15.33 15.40 
S102 42.60 43.90 44.50 44.50 44.60 44.00 
P205 0.22 0.14 0.13 0.13 0.13 0.12 
AL203 17.84 17.60 
K20 0.01 0.00 0.00 0.00 0.00 0.01 
CAO 14.07 8.67 8.92 8.92 8.85 8.95 
T102 1.99 0.57 0.56 0.58 0.56 0.56 
C11203 0.05 0.13 0.17 0.17 0.10 0.12 
MNO 0.24 0.23 0.26 0.26 0.21 0.24 
FEO 11.87 12.32 11.76 11.76 11.73 11.66 
100.51 99.60 99.96 99.98 100.09 99.74 
st 3.15 3.22 3.25 3.25 3.25 3.22 
TI 0.11 0.03 0.03 0.03 0.03 0.03 
AL 1.56 1.52 1.50 1.50 1.50 1.54 
CR 0.00 0.01 0.01 0.01 0.00 0.01 
FE2 0.73 0.76 0.72 0.72 0.71 0.71 
MN 0.02 0.01 0.02 0.02 0.01 0.02 
MG 1.14 1.66 1.66 1.66 1.66 1.68 CA 1.12 0.68 0.70 0.70 0.69 0 70 NA 0.09 0.06 0.07 0.07 0.06 . 0 06 K 0.00 0.00 0.00 0.00 0.00 . 0 00 P 0.01 0.01 0.01 0.01 0.01 . 0.01 
TOTAL 7.93 7.97 7.95 7.95 7.95 7.96 
Group 1111 Camels 
BZ29 BZ29 BZ43 BZ43 BZ43 BZ43 
NA2O 0.96 1.04 0.87 0.88 0.98 0.88 
MG O 15.17 15.13 14.55 14.48 14.38 14.30 
S102 44.20 44.20 44.40 44.40 44.60 43.90 
P205 0.14 0.16 0.12 0.15 0.14 0.12 
A L203 17.54 17.34 16.94 16.96 16.98 16.78 
K20 0.01 0.01 0.01 0.02 0.00 0.00 
CAO 8.92 8.90 11.72 11.58 11.59 11.62 
'1102 0.57 0.56 1.55 1.51 1.53 1.54 
CR203 0.12 0.12 0.20 0.09 0.11 0.10 
MNO 0.23 0.21 0.19 0.20 0.20 0.23 
PCO 11.82 11.83 11.13 11.07 10.91 11.00 
99.68 99.50 101.67 101.36 101.41 100.46 
si 3.24 3.25 3.21 3.21 3.23 3.21 
1111 0.03 0.03 0.08 0.08 0.08 0.08 
AL 1.51 1.50 1.44 1.45 1.44 1.44 
CR 0.01 0.01 0.01 0.00 0.01 0.00 
PE2 0.72 0.72 0.67 0.67 0.66 0.67 
MN 0.01 0.01 0.01 0.01 0.01 0.01 
MG 1.66 1.65 1.57 1.56 1.55 1.56 
CA 0.70 0.70 0.91 0.90 0.90 0.91 
NA 0.07 0.07 0.06 0.06 0.07 0.06 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.01 0.01 0.01 
TOTAL 7.96 7.95 7.97 7.96 7.95 7.97 
BZ43 BZ45 BZ45 BZ45 BZ45 BZ47 
N A20 0.89 1.14 1.18 1.04 1.15 1.10 
MGO 14.68 9.65 9.77 9.81 9.69 14.30 
S102 44.60 42.60 43.00 42.10 42.60 44.00 
P205 0.12 0.22 0.23 0.20 0.18 0.18 
A L203 16.95 18.66 18.63 18.64 16.64 17.15 
K20 0.00 0.00 0.00 0.00 0.00 0.01 
CAO 11.51 14.40 14.55 14.48 14.41 10.46 
T102 1.55 1.78 1.79 1.79 1.79 2.25 
CR203 0.11 0.05 0.03 0.04 0.04 0.09 
MNO 0.23 0.25 0.24 0.25 0.24 0.20 
FEO 11.07 12.04 12.06 12.39 12.40 11.72 
101.71 100.79 101.49 100.74 99.14 101.47 
SI 3.22 3.14 3.15 3.12 3.21 3.19 
111 0.08 0.10 0.10 0.10 0.10 0.12 
AL 1.44 1.62 1.61 1.62 1.48 1.46 
CR 0.01 0.00 0.00 0.00 0.00 0.00 
FE2 0.67 0.74 0.74 0.77 0.78 0.71 
MN 0.01 0.02 0.02 0.02 0.02 0.01 
MG 1.58 1.06 1.07 1.08 1.09 1.54 
CA 0.89 1.14 1.14 1.15 1.16 0.81 
NA 0.06 0.08 0.08 0.07 0.08 0 08 K 0.00 0.00 0.00 0.00 0.00 . 0 00 P 0.01 0.01 0.01 0.01 0.01 . 0.01 
TOTAL 7.96 7.92 7.92 7.95 7.93 7.94 
:+ 
Group 111 Garnets 
13Z47 BZ47 BZ48 BZ48 BZ48 BZ48 
NA2O 1.14 0.46 0.45 0.41 0.46 0.46 
MOO 14.23 14.21 14.02 14.02 14.02 14.25 
S102 44.20 41.20 42.30 42.70 42.80 42.50 
P205 0.17 0.18 0.17 0.16 0.17 0.17 
A L203 17.34 19.05 16.42 16.34 16.24 16.43 
K20 0.00 0.00 0.00 0.01 0.01 0.00 
CA O 10.38 9.03 12.81 12.84 12.84 12.74 
T102 2.29 2.88 1.08 1.03 1.04 1.05 
CR203 0.11 0.12 0.07 0.10 0.08 0.10 
MNO 0.21 0.31 0.28 0.26 0.26 0.26 
FEO 11.83 13.67 11.61 11.61 11.73 11.60 
1 01.91 101.11 99.20 99.49 99.66 99.57 
SI 3.19 3.02 3.16 3.18 3.18 3.16 
TI 0.12 0.16 0.06 0.06 0.06 0.06 
AL 1.47 1.64 1.44 1.43 1.42 1.44 
CR 0.01 0.01 0.00 0.01 0.00 0.00 
FE2 0.71 0.83 0.72 0.72 0.73 0.72 
MN 0.01 0.02 0.02 0.02 0.02 0.02 
MG 1.53 1.55 1.56 1.55 1.55 1.58 
CA 0.80 0.71 1.02 1.02 1.02 1.01 
NA 0.08 0.03 0.03 0.03 0.03 0.03 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.01 0.01 0.01 
TOTAL 7.93 7.98 8.04 8.03 8.03 8.04 
BZ48 BZ50 BZ50 BZ50 BZ50 BZ50 
NA2O 3.32 0.76 0.80 0.81 0.91 0.52 
MGO 13.26 12.31 12.29 12.35 12.49 11.82 
5102 41.50 43.70 43.40 43.80 43.90 41.60 
P205 0.18 0.15 0.15 0.17 0.17 0.14 
A L203 16.22 19.00 18.93 18.97 18.25 21.53 
K20 0.00 0.00 0.00 0.00 0.02 0.01 
CAO 12.49 13.73 13.76 13.73 14.09 9.79 
T102 1.07 0.93 0.95 0.92 0.94 0.93 
CR203 0.11 0.13 0.11 0.08 0.11 0.10 
MNO 0.29 0.22 0.22 0.20 0.23 0.32 
FIX) 13.45 10.55 10.57 10.58 10.50 14.86 
101.87 101.50 101.17 101.61 101.61 101.62 
si 3.08 3.16 3.16 3.17 3.18 3.04 
Ti 0.06 0.05 0.05 0.05 0.05 0.05 
AL 1.42 1.62 1.62 1.62 1.56 1.85 
CR 0.01 0.01 0.01 0.00 0.01 0.00 
FE2 0.83 0.64 0.64 0.64 0.04 0.91 
MN 0.02 0.01 0.01 0.01 0.01 0.02 
MG 1.47 1.33 1.33 1.33 1.35 1.29 
CA 0.99 1.07 1.07 1.06 1.09 0.77 
NA 0.04 0.05 0.06 0.06 0.06 0.04 
K 0.00 0.00 0.00 0.00 0.00 0.00 1' 0.01 0.01 0.01 0.01 0.01 0.01 
TOTA 1 , 7.93 7.95 7.96 7.95 7.97 7.97 
Croup 1111 Clinopyroxene. 
13Z10 BZ19 BZ21 BZ21 BZ22 BZ22 
NA2O 5.98 4.40 6.52 5.90 6.49 6.31 
MGO 8.61 12.38 8.82 9.91 9.17 9.02 
S102 52.60 53.20 52.80 54.00 54.00 53.60 
P205 0.18 0.23 0.23 0.24 0.23 0.20 
A L203 10.55 6.99 11.31 11.03 10.69 10.91 
K20 0.01 0.01 0.00 0.01 0.01 0.01 
CAO 13.19 15.10 11.44 13.61 12.21 12.72 
T102 1.70 1.04 0.74 0.59 1.36 1.44 
CR203 0.05 0.12 0.08 0.07 0.03 0.02 
MNO 0.07 0.10 0.08 0.10 0.09 0.12 
FEO 7.40 6.20 5.74 5.03 6.44 6.66 
1 00.35 99.76 97.77 100.48 100.73 101.01 
si 1.90 1.93 1.93 1.93 1.93 1.91 
'rl 0.05 0.03 0.02 0.02 0.04 0.04 
AL 0.45 0.30 0.49 0.46 0.45 0.46 
CR 0.00 0.00 0.00 0.00 0.00 0.00 
x132 0.22 0.19 0.18 0.15 0.19 0.20 
MN 0.00 0.00 0.00 0.00 0.00 0.00 
MG 0.46 0.67 0.48 0.53 0.49 0.48 
CA 0.51 0.59 0.45 0.52 0.47 0.49 
NA 0.21 0.16 0.23 0.20 0.22 0.22 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.01 0.01 0.01 
TOTAL 3.81 3.88 3.79 3.81 3.80 3.81 
BZ22 BZ29 BZ29 BZ29 BZ43 BZ48 
NA2O 5.89 5.68 3.82 5.96 4.33 4.19 
MGO 8.97 11.61 13.21 11.91 12.54 12.60 
S102 52.70 53.80 47.40 55.50 52.40 53.00 
P205 0.20 0.17 0.14 0.16 0.12 0.14 
AL203 10.89 9.55 14.57 10.61 6.97 6.79 
K20 0.02 0.01 0.01 0.00 0.10 0.02 
CAO 13.24 11.39 9.91 10.92 15.10 15.28 
T102 1.37 0.31 0.41 0.32 1.06 1.11 
C1Z203 0.04 0.05 0.13 0.07 0.07 0.08 
MNO 0.08 0.08 0.20 0.11 0.11 0.10 
FEO 6.40 5.57 9.16 6.16 6.27 6.36 
99.81 98.23 98.95 101.72 99.08 99.67 
st 1.91 1.96 1.74 1.95 1.92 1.93 
TI 0.04 0.01 0.01 0.01 0.03 0.03 
AL 0.46 0.41 0.63 0.44 0.30 0.29 
CR 0.00 0.00 0.00 0.00 0.00 0.00 
FE2 0.19 0.17 0.28 0.18 0.19 0.19 
MN 0.00 0.00 0.01 0.00 0.00 0.00 
MG 0.48 0.63 0.72 0.62 0.69 0.68 
CA 0.51 0.44 0.39 0.41 0.59 0.060 NA 0.21 0.20 0.14 0.20 0.15 0.15 
K 0.00 0.00 0.00 0.00 0.00 0.00 P 0.01 0.01 0.00 0.00 0.00 0.00 
7'O'rAL 3.81 3.82 3.92 3.82 3.89 3.88 
Group 1113 Clinopyroxene 
BZ45 BZ45 BZ45 BZ47 BZ47 BZ48 
NA2O 6.32 6.20 6.38 4.82 4.41 3.32 
MGO 8.34 8.36 8.38 12.55 12.72 12.95 
S102 53.80 53.50 54.30 54.40 53.70 51.20 
P205 0.23 0.21 0.22 0.19 0.19 0.16 
AL203 11.41 11.33 11.46 7.92 6.99 6.11 
K20 0.03 0.04 0.03 0.03 0.02 0.01 
CAO 12.93 12.90 12.52 14.26 14.96 16.38 
T102 1.23 1.25 1.28 1.48 1.47 0.67 
CR203 0.05 0.02 0.03 0.08 0.08 0.08 
MNO 0.08 0.10 0.09 0.06 0.09 0.11 
FI: O 6.98 6.99 7.20 5.68 5.77 7.26 
101.40 100.91 101.88 101.47 100.39 98.24 
si 1.92 1.91 1.92 1.93 1.93 1.91 
1111 0.03 0.03 0.03 0.04 0.04 0.02 
AL 0.48 0.48 0.48 0.33 0.30 0.27 
CR 0.00 0.00 0.00 0.00 0.00 0.00 
FE2 0.21 0.21 0.21 0.17 0.17 0.23 
MN 0.00 0.00 0.00 0.00 0.00 0.00 
MG 0.44 0.45 0.44 0.66 0.68 0.72 
CA 0.49 0.49 0.48 0.54 0.58 0.65 
NA 0.22 0.22 0.22 0.17 0.15 0.12 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.01 0.01 0.01 0.01 0.01 0.01 
TOTAL 3.80 3.80 3.79 3.85 3.87 3.93 
Appendix 3.2 
Individual tabulated analyses for inclusions recovered from ten diamonds. The 
diamonds were analysed for their carbon and nitrogen characteristics. 
Garnet Analyses 
BZ121 BZ121 BZ121 BZ121 BZ121 BZ122 
NA2O 0.38 0.36 0.37 0.37 0.35 0.99 
MGO 10.11 10.13 10.29 10.16 10.16 11.27 
S102 40.41 40.01 40.39 39.88 39.95 42.21 
P205 0.03 0.04 0.02 0.02 0.00 0.01 
AL203 21.35 21.55 21.34 21.41 21.28 18.93 
K20 0.01 0.01 0.00 0.00 0.01 0.00 
CAO 13.11 13.09 13.11 13.17 13.06 14.82 
'1102 1.68 1.64 1.67 1.68 1.66 0.94 
CR203 0.05 0.01 0.04 0.03 0.05 0.12 
MNO 0.30 0.29 0.27 0.30 0.29 0.21 
FEO 13.90 13.65 13.78 13.72 13.69 9.78 
101.33 100.77 101.30 100.74 100.51 99.29 
SI 2.98 2.97 2.98 2.96 2.97 3.14 
11'1 0.09 0.09 0.09 0.09 0.09 0.05 
AL 1.86 1.88 1.86 1.87 1.87 1.66 
CR 0.00 0.00 0.00 0.00 0.00 0.01 
FE2 0.86 0.85 0.85 0.85 0.85 0.61 
MN 0.02 0.02 0.02 0.02 0.02 0.01 
MG 1.11 1.12 1.13 1.12 1.13 1.25 
CA 1.04 1.04 1.04 1.05 1.04 1.18 
NA 0.03 0.03 0.03 0.03 0.03 0.07 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.00 0.00 0.00 0.00 0.00 0.00 
7.99 7.99 7.99 8.00 8.00 7.97 
11Z122 BZ122 BZ122 BZ122 BZ123 13Z123 
NA2O 0.90 0.97 0.70 0.96 0.36 0.36 
MGO 11.38 11.15 10.97 11.24 8.90 8.82 
S102 42.26 42.29 41.37 42.47 40.14 40.33 
P205 0.03 0.07 0.01 0.05 0.01 0.00 
A L203 19.02 19.00 18.78 19.09 21.12 21.12 
K20 0.00 0.01 0.00 0.01 0.00 0.00 
CAO 14.85 14.82 14.63 14.92 15.61 15.60 
T102 0.94 0.89 0.91 0.94 1.44 1.42 
C1Z203 0.12 0.12 0.11 0.14 0.11 0.07 
MNO 0.21 0.22 0.21 0.25 0.28 0.28 
FEO 9.69 9.73 10.69 9.79 13.25 13.10 
99.39 99.27 98.37 99.86 101.23 101.10 
SI 3.13 3.14 3.12 3.14 2.98 2.99 
1111 0.05 0.05 0.05 0.05 0.08 0.08 
AL 1.66 1.66 1.67 1.66 1.85 1.85 
CR 0.01 0.01 0.01 0.01 0.01 0.00 
F132 0.60 0.60 0.67 0.60 0.82 0.81 
MN 0.01 0.01 0.01 0.02 0.02 0.02 
MG 1.26 1.23 1.23 1.24 0.99 0.98 
CA 1.18 1.18 1.18 1.18 1.24 1.24 
NA 0.06 0.07 0.05 0.07 0.03 0.03 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.00 0.00 0.00 0.00 0.00 0.00 
TOTAL 7.97 7.97 7.99 7.97 8.01 8.00 
Garn el Analyses. 
13Z123 BZ123 BZ123 BZ123 BZ124 BZ124 
NA2O 0.36 0.36 0.36 0.40 1.03 1.01 
MGO 8.82 8.81 8.80 9.33 11.66 11.55 
S102 40.47 40.27 40.26 41.85 41.03 40.68 
P205 0.03 0.04 0.06 0.05 0.11 0.08 
AL203 21.32 21.10 21.09 22.07 18.90 18.63 
K20 0.00 0.00 0.00 0.00 0.00 0.00 
CAO 15.58 15.58 15.63 15.94 13.79 13.72 
T102 1.46 1.48 1.48 1.46 1.88 1.87 
C1Z203 0.10 0.11 0.05 0.10 0.08 0.07 
MNO 0.03 0.26 0.29 0.27 0.22 0.19 
P130 13.21 13.11 13.11 12.72 11.30 11.33 
1 01.38 101.12 101.14 104.20 100.00 99.14 
st 2.99 2.99 2.99 3.00 3.05 3.05 
TI 0.08 0.08 0.08 0.08 0.11 0.11 
Al, 1.86 1.85 1.85 1.86 1.66 1.65 
CR 0.00 0.01 0.00 0.00 0.00 0.00 
F132 0.82 0.81 0.81 0.76 0.70 0.71 
MN 0.00 0.02 0.02 0.02 0.01 0.01 
MG 0.97 0.97 0.97 1.00 1.29 1.29 
CA 1.23 1.24 1.24 1.22 1.10 1.10 
NA 0.03 0.03 0.03 0.03 0.07 0.07 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.00 0.00 0.00 0.00 0.01 0.01 
TOTAL 7.99 8.00 8.00 7.98 8.00 8.01 
BZ124 BZ125 BZ125 BZ125 BZ125 BZ126 
NA2O 1.03 0.97 0.97 0.97 0.99 0.18 
MGO 11.64 11.74 8.95 8.92 9.01 10.84 
S102 40.89 41.01 40.51 40.42 40.42 40.61 
P205 0.06 0.07 0.00 0.02 0.03 0.06 
A L203 18.64 18.76 18.81 18.80 18.69 22.70 
K20 0.01 0.01 0.00 0.01 0.00 0.01 
CAO 13.75 13.81 13.70 13.74 13.72 17.73 
T102 1.88 1.87 2.76 2.73 2.70 0.38 
CR203 0.09 0.08 0.05 0.08 0.05 0.10 
MNO 0.20 0.23 0.30 0.32 0.29 0.13 
F EO 11.36 11.38 13.97 13.94 14.10 7.38 
99.55 99.92 100.04 99.94 100.00 100.12 
si 3.06 3.05 3.05 3.05 3.05 2.97 
TI 0.11 0.10 0.16 0.15 0.15 0.02 
AL 1.64 1.65 1.67 1.67 1.66 1.96 
CR 0.00 0.00 0.00 0.00 0.00 0.00 
P132 0.71 0.71 0.88 0.88 0.89 0.45 
MN 0.01 0.01 0.02 0.02 0.02 0.01 
MG 1.30 1.30 1.00 1.00 1.01 1.18 
CA 1.10 1.10 1.11 1.11 1.11 1.39 
NA 0.07 0.07 0.07 0.07 0.07 0. O1 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.00 0.00 0.00 0.00 0.00 0.00 
TOTAL 8.01 8.01 7.96 7.96 7.96 8.01 
Garnet Analyses. 
BZ126 BZ127 BZ127 BZ127 Z128 BZ128 
NA2O 0.20 0.90 0.85 0.92 0.88 0.16 
MGO 10.95 11.91 11.88 11.99 11.85 11.75 
S102 40.63 43.06 43.20 43.32 43.17 41.13 
P205 0.05 0.08 0.08 0.07 0.08 0.05 
A L203 22.83 19.94 19.83 19.95 19.92 23.05 
K20 0.02 0.01 0.01 0.01 0.01 0.01 
CAO 17.54 15.90 15.81 15.79 15.88 16.12 
7102 0.34 0.62 0.62 0.64 0.66 0.63 
CR203 0.11 0.12 0.08 0.11 0.11 0.10 
MNO 0.19 0.15 0.16 0.13 0.15 0.21 
FEO 7.30 8.09 8.09 8.12 8.09 8.72 
100.16 100.77 100.61 101.03 100.79 101.90 
si 2.97 3.13 3.14 3.14 3.44 2.96 
TI 0.02 0.03 0.03 0.03 0.04 0.03 
AL 1.97 1.71 1.70 1.70 1.87 1.96 
CR 0.01 0.01 0.00 0.01 0.01 0.00 
FE2 0.45 0.49 0.49 0.49 0.54 0.52 
MN 0.01 0.01 0.01 0.01 0.01 0.01 
MG 1.19 1.29 1.29 1.29 0.22 1.26 
CA 1.38 1.24 1.23 1.22 1.36 1.24 
NA 0.01 0.06 0.06 0.06 0.07 0.01 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.00 0.01 0.01 0.00 0.01 0.00 
TOTAL 8.01 7.97 7.96 7.97 7.56 8.02 
BZ129 BZ129 BZ130 BZ130 BZ130 BZ130 
NA2O 1.00 0.99 0.16 0.15 0.23 0.14 
MG O 11.88 11.96 14.60 14.52 14.52 14.81 
S102 44.01 43.92 40.93 40.99 40.49 41.16 
P205 0.05 0.11 0.05 0.03 0.06 0.05 
AL203 21.59 21.66 22.20 22.89 22.72 23.13 
K20 0.01 0.01 0.01 0.00 0.03 0.00 
CAO 15.55 15.65 13.32 13.36 13.40 13.42 
'I'102 0.51 0.50 0.26 0.25 0.30 0.30 
CR203 0.11 0.10 0.19 0.16 0.20 0.20 
MNO 0.15 0.17 0.19 0.17 0.18 0.16 
FEU 8.12 8.13 7.56 7.49 7.49 7.59 
102.97 103.20 99.48 100.03 99.62 100.95 
si 3.12 3.10 2.99 2.97 2.95 2.96 
111 0.03 0.03 0.01 0.01 0.02 0.02 
AL 1.80 1.81 1.91 1.95 1.95 1.96 
CR 0.00 0.00 0.01 0.01 0.01 0.01 
FE2 0.48 0.48 0.46 0.45 0.46 0.45 
MN 0.01 0.01 0.01 0.01 0.01 0.01 
MG 1.25 1.26 1.59 1.57 1.58 1.59 
CA 1.18 1.19 1.04 1.04 1.05 1.03 
NA 0.07 0.07 0.01 0.01 0.02 0.01 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.00 0.01 0.00 0.00 0.00 0.00 
TOTAL 7.95 7.95 8.03 8.03 8.04 8.04 
Clinopyroxene Analyses. 
BZ121 BZ121 BZ122 BZ122 
NA2O 5.05 5.04 5.86 4.34 
MGO 11.04 11.05 9.42 9.83 
S102 54.55 54.60 53.07 47.39 
P205 0.01 0.03 0.06 0.06 
A1.203 8.44 8.50 11.77 14.45 
K20 0.03 0.03 0.03 0.02 
CAO 16.04 15.90 13.73 14.20 
1'102 0.89 0.92 0.62 0.84 
CR203 0.04 0.04 0.07 0.11 
MNO 0.08 0.04 0.06 0.15 
FEO 5.49 5.39 4.74 8.52 
101.66 101.53 99.43 99.89 
SI 1.94 1.94 1.91 1.74 
TI 0.02 0.02 0.02 0.02 
AL 0.35 0.36 0.50 0.63 
CR 0.00 0.00 0.00 0.00 
FE2 0.16 0.16 0.14 0.26 
MN 0.00 0.00 0.00 0.00 
MG 0.59 0.59 0.51 0.54 
CA 0.61 0.61 0.53 0.56 
NA 0.17 0.17 0.20 0.15 
K 0.00 0.00 0.00 0.00 
P 0.00 0.00 0.00 0.00 
TOTAL 3.86 3.85 3.82 3.92 
BZ126 11Z126 BZ126 
NA2O 6.42 6.42 6.21 
MGO 9.21 9.21 9.20 
S102 53.47 53.47 53.54 
P205 0.01 0.01 0.00 
A L203 13.37 13.37 13.35 
K20 0.05 0.05 0.05 
CAO 14.55 14.55 14.64 
T102 0.15 0.15 0.16 
C1Z203 0.11 0.11 0.09 
MNO 0.01 0.01 0.01 
FEO 2.25 2.25 2.26 
99.60 99.60 99.51 
st 1.90 1.90 1.91 
TI 0.00 0.00 0.00 
AL 0.56 0.56 0.56 
CR 0.00 0.00 0.00 
Fß2 0.07 0.07 0.07 
MN 0.00 0. ()0 0.00 
MG 0.49 0.49 0A9 
CA 0.56 0.56 0.56 
NA 0.22 0.22 0.21 
K 0.00 0.00 0.00 
P 0.00 0.00 0.00 



























Infra red and carbon isotope characteristics for ten garnet-bearing diamonds from 
Sao Luiz. 
Garnet Inclusions. 
A(ppm) 13(ppm) µ7.3 1282/1180 8 13C 
BZ 121 27.33 83.61 0.09 0.68 -8.75 
BZ122 84.61 142.09 0.13 0.89 -10.98 
BZ123 31.86 59.13 0.31 0.84 -8.02 
BZ124 39.41 110.92 0.02 0.71 -12.57 
BZ 125 8.52 68.83 0.46 0.50 -11.75 
13Z126 49.13 106.51 0.30 0.78 -6.42 
BZ127 31.90 81.00 0.08 0.74 -8.37 
BZ128 119.09 72.46 0.25 1.34 -6.70 
BZ129 64.25 160.70 0.45 0.75 -6.70 
BZ 13 0 124.19 147.51 0.29 1.04 -6.98 
Appendix 4 
Magnesiowustite and non-gamet silicate-bearing diamonds from Sao Luiz. 
Appendix 4.1 
Averaged tabulated analyses for magnesiowustite and non-garnet silicate 
inclusions. 
Magnesiowuslile Inclusions. 
BZ65 BZ66 BZ67 BZ69 BZ70 BZ72 
MGO 54.81 25.16 41.35 77.19 57.14 54.74 
S102 0.00 0.00 0.00 0.00 0.00 0.00 
AL203 0.00 0.20 0.00 0.00 0.10 0.00 
T102 0.03 0.05 0.02 0.02 0.03 0.02 
CR203 0.30 1.00 0.00 0.50 0.70 0.30 
ILO 45.36 71.74 58.42 23.33 40.54 43.26 
NIO 0.30 0.15 0.27 1.02 0.38 0.26 
100.80 98.30 100.06 102.06 98.89 98.58 
si 0.00 0.00 0.00 0.00 0.00 0.00 
TI 0.00 0.00 0.00 0.00 0.00 0.00 
Al- 0.00 0.20 0.00 0.00 0.10 0.00 
CR 0.01 0.03 0.02 0.02 0.02 0.01 
FE2 31.50 60.30 44.00 14.30 28.10 30.50 
MG 67.80 37.70 55.50 84.40 70.60 68.80 
NI 0.20 0.12 0.20 0.60 0.25 0.18 
99.51 98.35 99.72 99.32 99.08 99.49 
F/I4+M 0.31 0.61 0.44 0.14 0.28 0.30 
13Z73 BZ78 BZ80 BZ87 BZ88 BZ99 
MGO 58.39 66.85 62.41 75.08 54.43 56.55 
S102 0.00 0.00 0.00 0.00 0.00 0.00 
AL203 0.00 0.00 0.00 0.00 0.10 0.00 
T102 0.02 0.02 0.02 0.01 0.02 0.04 
CR203 0.30 0.80 0.40 0.50 0.00 0.30 
PEO 42.01 31.22 35.73 25.20 44.98 42.34 
NIO 0.32 0.89 0.74 0.00 0.00 0.00 
101.04 99.78 99.30 100.79 99.53 99.23 
si 0.00 0.00 0.00 0.00 0.00 0.00 
1111 0.00 0.00 0.00 0.00 0.00 0.00 
AL 0.00 0.00 0.00 0.00 0.10 0.00 
CR 0.01 0.01 0.02 0.01 0.03 0.01 
FE2 28.50 20.40 24.00 15.70 31.50 29.40 
MG 70.70 78.00 74.90 83.60 68.00 70.00 
NI 0.21 0.56 0.48 0.00 0.00 0.00 
99.42 98.97 99.40 99.31 99.63 99.41 
F/F+M 0.29 0.21 0.24 0.16 0.32 0.30 
Colourless Inclusions. 
BZ97 BZ99 BZ103 BZ104 BZIII BZ115 
NA2O 0.01 0.01 0.00 0.04 0.04 0.01 
MGO 0.08 0.01 0.02 17.82 49.55 0.14 
S102 50.97 99.99 99.26 53.86 40.70 51.74 
P205 0.75 0.01 0.00 0.45 0.01 0.00 
AL203 0.09 0.00 0.04 0.15 0.02 0.08 
K20 0.00 0.01 0.00 0.00 0.01 0.00 
CAO 48.41 0.01 0.01 24.49 0.05 47.56 
T102 0.02 0.01 0.01 0.05 0.02 0.02 
CR203 0.02 0.02 0.01 0.02 0.05 0.01 
MNO 0.04 0.01 0.01 0.13 0.08 0.02 
FEO 0.08 0.01 0.07 1.59 8.82 0.12 
1 00.47 100.09 99.43 98.60 99.35 99.70 
SI 32.71 49.97 49.95 32.98 24.98 33.39 
TI 0.01 0.00 0.00 0.02 0.01 0.01 
AL 0.07 0.00 0.02 0.11 0.01 0.06 
CR 0.01 0.01 0.00 0.01 0.02 0.00 
FE2 0.04 0.00 0.03 0.81 4.53 0.06 
MN 0.02 0.00 0.00 0.07 0.04 0.01 
MG 0.08 0.01 0.02 16.26 45.32 0.13 
CA 33.28 0.01 0.01 16.07 0.03 32.89 
NA 0.01 0.00 0.00 0.02 0.02 0.01 
K 0.00 0.00 0.00 0.00 0.00 0.00 
P 0.41 0.00 0.00 0.23 0.01 0.00 
TOTAL 66.63 50.01 50.03 66.59 74.98 66.57 
BZ116 BZ117B BZ119 BZ106 
NA2O 0.04 0.03 0.02 0.04 
MGO 0.46 47.60 0.06 0.01 
S102 52.01 40.90 51.03 43.62 
P205 0.00 0.00 0.00 0.33 
AL203 0.05 0.05 0.07 35.76 
K20 0.00 0.07 0.00 0.25 
CAO 46.94 0.04 45.75 18.99 
T102 0.05 0.00 0.02 0.01 
CR203 0.01 0.04 0.01 0.00 
MNO 0.00 0.13 0.04 0.01 
FEO 0.08 10.65 0.04 0.42 
99.64 99.51 97.04 99.99 
S1 33.49 25.25 33.70 25.29 
TI 0.02 0.00 0.01 0.01 
AL 0.04 0.04 0.05 24.45 
CR 0.00 0.02 0.00 0.00 
FE2 0.04 5.50 0.02 0.20 
MN 0.00 0.07 0.02 0.21 
MG 0.44 43.79 0.06 0.01 
CA 32.39 0.03 32.37 11.79 
NA 0.02 0.02 0.01 0.02 
K 0.00 0.03 0.00 0.09 
P 0.00 0.00 0.00 0.16 
TOTAL 66.46 74.72 66.26 62.23 
Appendix 4.2 
Nitrogen Characteristics for Diminonds containing Magnesiowustites and non- 
garnet silicates. 
Nitrogen Characteristics for Sao Luiz Diamonds. 
Sample Appm IRppm p7.3 1282/1180 Incl. 
BZ65 Type 11 MW 
BZ66 Type 11 MW 
BZ67 Type II MW 
BZ69 Type 1I MW 
BZ70 Type II MW 
lIZ71 Type It MW 
BZ72 Type It MW 
BZ73 Type 11 MW 
BZ74 Type 11 MW 
BZ75 Type It MW 
lIZ76 566.7 268.2 0.67 1.5 MW 
BZ77 Type 11 MW 
BZ78 Type 11 MW 
BZ79 Type 11 MW 
BZ80 Type 11 MW 
BZ81 2369.2 5442.4 121.4 0.8 MW 
BZ82 0 954.4 6.85 0.2 MW 
BZ83 Type 11 MW 
BZ84 Type 11 MW 
BZ88 0 1135.4 0 0.0 MW 
BZ89 Type lI MW 
BZ90 0 1073.8 0 0.0 CL 
BZ91 Type II CL 
BZ92 Type 11 CL 
BZ93 Type 11 CL 
BZ94 Type 11 CL 
Sample Appin llppin t7.3 1282/11811 Incl. 
BZ95 Type 11 CL 
BZ96 0 1354.3 12.02 0.0 CL 
BZ97 Type II CL 
BZ98 Type II CL 
BZ99 70.61 672.2 0.20 0.48 MULT. 
BZ 100 Type II MULT. 
BZ 101 18.83 170.3 0.56 0.49 MULT. 
BZ 102 Type 11 MULT. 
BZ104 Type 11 MULT. 
BZ105 0 127.15 0.0 0.26 MULT. 
BZ106 Type II MULT. 
BZ107 Type 11 MULI. 
BZ109 Type 11 MULT. 
BZ111 822.2 143.1 0.0 1.78 MULT. 
BZI 13 Type 11 MULT. 
13Z114 Type II MULT. 
ßZ115 Type 11 MULT. 
11Z116 50.7 577.0 11.8 0.47 MU LT. 
BZ117 1.5 28.8 0.5 0.33 MULT. 
BZI 18 Type II MULT. 
BZ119 Type 11 MULT. 
BZ120 Type 11 MULT. 
MW = Plaonesiowustite 
CL = Colourless 
MULI = t'ultinle 
Appendix 4.3 
Nitrogen and Carbon Characteristics for five diamonds containing 
magnesiowustite and non-gamet silicate inclusions from Sao Luiz 
Nlagnesiowustile Inclusions. 
A(ppm) IS(ppm) p7.3 8 '3C 
BZ65 0.00 0.00 0.00 -4.16 
BZ66 0.00 0.00 0.00 -5.02 
BZ65 0.00 0.00 0.00 -4.49 
Colourless Inclusions. 
A(ppin) li(ppi») t7.3 8 
130 
BZ97 0.00 0.00 0A0 -4.89 
BZ99 0.00 0.00 0.00 -4.14 
Appendix 5 





m is Counts sec-1 wt %-1 
=3 JRb 
m Tb 
= 100 1% 
JTp J Rp JRb 
Rp is peak count rate 
Rb is background count rate 
Tp is time on peak (secs) 
Tb is time on background (secs) 
Chromdes 
lacmenl Detection limit Precision 
Ti 0.026 0.266 
Cr 0.037 0.003 
Mg 0.016 0.010 
Al 0.015 0.012 
Fe 0.045 0.016 
Mn 0.048 0.206 
Ni 0.051 0.329 
Si 0.018 0.198 
Chrome Pyrope Garnet. 
Element Detection Limit Precision 
Ca 0.015 0.069 
Mg 0.012 0.007 
Mn 0.019 0.017 
Al 0.011 0.008 
Fe 0.021 0.021 
Si 0.016 0.002 
Ni 0.028 1.478 
Cr 0.020 0.025 
Olivine 
Element Detection Limit Precision 
Mg 0.018 0.004 
Si 0.018 0.005 
Fe 0.036 0.022 
Ca 0.019 0.073 
Al 0.012 4.591 
Mn 0.036 0.426 
Ti 0.019 1.670 
Cr 0.024 0.686 
Ni 0.044 0.144 
Pyroxene 
Element Uelection Limit l'recision 
Mg 0.017 0.005 
Si 0.018 0.004 
Fe 0.038 0.029 
Ca 0.019 0.075 
Na 0.028 0.726 
Al 0.013 0.044 
Mn 0.034 0.359 
Ti 0.020 0.498 
Cr 0.024 0.053 
Ni 0.042 0.365 
lligh-Silica Garncis 
Element Detection Limit Precision 
Na 0.025 0.244 
Mg 0.016 0.012 
Al 0.016 0.008 
Si 0.017 0.006 
Ca 0.026 0.010 
Ti 0.021 0.042 
Cr 0.027 0.459 




Element Uelection Limit Precision 
Na 0.028 0.025 
Mg 0.016 0.012 
Al 0.013 0.012 
Si 0.018 0.046 
Ca 0.027 0.009 
Ti 0.020 0.069 
Cr 0.035 0.770 
Mn 0.034 0.025 
Fe 0.034 0.025 
Ni 0.040 1.199 
Magnesiowustite 
Element Detection Limit Precision 
Mg 0.002 0.004 
Fe 0.058 0.011 
Al 0.011 0.492 
Cr 0.042 0.117 
Mn 0.040 0.157 
Ti 0.022 
Ni 0.043 0.050 
Si 0.015 
